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ABSTRACT 
Phytophthora ramorum is an invasive plant pathogen causing considerable and widespread 
damage in nurseries, gardens and natural woodland ecosystems of the USA and Europe. In 
Australia, where it is classified as a Category 1 emergency plant pest, it has the potential to 
become a major economic and ecological threat in areas with susceptible hosts and a favourable 
climate. Phytophthora ramorum causes three distinct diseases on susceptible plants: ramorum 
leaf blight, ramorum shoot dieback and sudden oak death (characterised by lethal bole cankers). 
In some species, foliar infection can play a crucial role in disease development by producing 
inoculum that can drive an epiphytotic. The geographic origin of P. ramorum remains unknown 
and an understanding of the environmental requirements most conducive to establishment and 
persistence of disease under natural conditions is still poorly understood. This study aimed to: 
(a) provide an understanding of the foliar, branch and bole susceptibility to P. ramorum and 
sporangia producing potential of a broad range of Australian plant species; (b) develop a 
climate-based model of the potential geographic range of the pathogen; and (c) analyse the 
effectiveness of integration of scientific knowledge between European and North American 
policy and management responses to P. ramorum. 
Detached leaves, branches and logs of up to 70 Australian native plant species were tested for 
their susceptibility and sporulation potential. Foliar susceptibility was tested using detached leaf 
assays for 70 Australian native plant species; twenty-eight of these species were tested for their 
ability to produce sporangia on foliage. Branch dieback susceptibility was tested for 66 of these 
species, six of which were further tested for their susceptibility to bole cankers caused by P. 
ramorum using a sealed log assay. All materials were sourced from native woodlands, 
established gardens and arboreta in California. Positive control species known to be naturally 
highly susceptible to P. ramorum were included in all experiments. 
All species tested were capable of being infected by P. ramorum. Highly susceptible foliar hosts 
included Banksia attenuata, Eucalyptus delegatensis, E. denticulata, E. viminalis, Isopogon 
cuneatus, I. formosus and Leptospermum scoparium. Hedycarya angustifolia, Olearia 
argophylla, Phyllocladus aspleniifolius, Pittosporum undulatum and Podocarpus lawrencei iv 
were identified as potentially resistant foliar hosts. Putative sporulating hosts include five 
members of the Myrtaceae: Agonis flexuosa, C. ficifolia, E. haemastoma, E. delegatensis and E. 
viminalis. Highly susceptible branch hosts included E. denticulata, E. sideroxylon, E. viminalis, 
Hardenbergia violaceae, I. formosus and N. cunninghamii. Thirteen potentially tolerant branch 
dieback hosts were identified and included B. attenuata, B. marginata, Billardiera heterophylla, 
E. haemastoma, E. regnans and P. undulatum. Eucalyptus regnans was identified as a 
potentially highly susceptible bole canker host, while E. diversicolor and E. viminalis were 
considered potentially tolerant species to bole cankers caused by P. ramorum.  
A simulation model was developed using CLIMEX to estimate the global climate suitability 
patterns for establishment of P. ramorum. Growth requirements and stress response parameters 
were derived from ecophysiological laboratory observations and site-level transmission and 
disease factors related to climate data in the field. Models fitted to the European (EU1) and 
combined EU1 and North American (NA1) genotypes indicated that European genotypes may 
be constrained to a greater degree by higher temperatures than North American genotypes. The 
combined risk model suggests that the invasion of P. ramorum in both North America and 
Europe is still in its infancy and it is presently occupying a small fraction of its available range. 
Southern Europe may be at greater risk of invasion should the NA1 genotype be introduced into 
warmer areas unsuitable for the predominant EU1 genotype. Phytophthora ramorum appears to 
be climatically suited to large areas of Australasia (including New Zealand), Africa and South 
America. Potential distribution in Australia indicates south east coastal Australia, the southwest 
region of Western Australia and Tasmania are at highest risk of invasion.  
Comparison of the integration of science into policy-making and control efforts in Europe and 
North America are varied, representing the use of many different ‘boundary arrangements’. 
Experiences with P. ramorum in these regions indicate that future biosecurity efforts to prevent 
the entry and establishment of P. ramorum and other invasive organisms may benefit from: (i) 
fostering local management approaches which connect and build relationships with affected 
communities and build capacity accordingly; (ii) incorporating structural arrangements for the 
integration of science into policy at a national level, encouraging scientists and policy makers to v 
directly engage with one-another to allow for the rapid dissemination of new knowledge directly 
applicable to policy applications; (iii) aiming to produce regional or global pest risk analyses 
which enable knowledge and research cost-sharing, and; (iv) investment in studies outlining the 
effectiveness and success of different boundary arrangements in achieving positive biosecurity 
outcomes.  
These results extend the known potential host range for P. ramorum and define its potential 
geographic range, confirming it as a potential threat to Australian plant industries and 
ecosystems. Caution is advised when interpreting these results; the species studied represent 
only a small proportion of Australian taxa which exist in climatically suitable areas for the 
pathogen in Australia and invasive organisms may behave differently in novel locations given 
different environmental and management constraints. Nevertheless, risk predictions generated 
by the model, an understanding of the pathogen’s potential host range and analysis of the best 
way to integrate this knowledge into policy and management efforts will allow us to target high 
risk areas for early detection surveillance and assist Australian regulators in developing 
appropriate quarantine policies and protocols.vii 
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1. INTRODUCTION AND LITERATURE REVIEW 
1.1 Introduction 
Phytophthora ramorum Werres, de Cock, and In’t Veld is an invasive plant pathogen causing 
considerable and widespread damage in nurseries, gardens and natural woodland ecosystems of 
the USA and Europe. In Australia it is classified as a Category 1 emergency plant pest (Plant 
Health Australia 2006), as it has the potential to become a major economic and ecological threat 
in areas with susceptible hosts and suitable climate. The geographic origin of P. ramorum 
remains unknown and an understanding of the environmental requirements most conducive to 
establishment, persistence under natural conditions and the complete host range of the pathogen 
are still poorly understood. Policy and management of P. ramorum in the USA and Europe are 
constantly in flux, continually being informed by improved scientific understanding of the 
pathogen’s biology, ecology, pathology, genetics and treatment, as well as politics and 
economic realities. 
First reported infecting Viburnum and Rhododendron plants in nurseries in Germany and the 
Netherlands in 1993, P. ramorum has since been found infesting numerous nurseries throughout 
Europe and North America and has established as an alien invasive species in natural areas of 
the west coast of the USA and Cornwall in the United Kingdom (UK) (Werres et al. 2001; 
Rizzo et al. 2002; Brasier et al. 2004). Spread through the international nursery trade, P. 
ramorum poses a serious risk to plant biosecurity worldwide (Stokstad 2004; Brasier 2008). 
Control of the pathogen and the diseases it causes has been accomplished primarily by enacting 
plant quarantine policies designed to prevent entry of the pathogen into countries and areas 
where it is not known to exist (Kliejunas 2010). Meanwhile, management in natural areas has 
ranged from containment of the pathogen in California to eradication efforts in Oregon and the 
UK (Brasier et al. 2004; Rizzo et al. 2005), engaging at differing levels with local, regional and 
national agencies (Mai et al. 2006; USDA-APHIS-PPQ 2007; Alexander & Lee 2010). Despite 
these quarantine and management measures, P. ramorum has continued to spread (Brasier 2008; 
Goss et al. 2009b).  2 
This Ph.D. project investigates the susceptibility of Australian native plants to P. ramorum, the 
potential geographic range of the pathogen and the effectiveness of the integration of science 
into policy and management efforts for P. ramorum in the USA and Europe. In order to inform 
an understanding of the potential biosecurity threat of P. ramorum this literature review is 
composed of two introductory sections covering the history of P. ramorum and the theory of the 
disease tetrahedron, which is used to frame the four penultimate sections. The first three of these 
penultimate sections follow the classic disease triangle and outline aspects of the biology and 
ecology of P. ramorum, host range of the pathogen and the environmental and climatic 
conditions suitable for the spread and establishment of P. ramorum. The fourth of these sections 
reviews the human dimension of the spread of P. ramorum, with particular focus on the 
regulation and management of the pathogen. Finally, what is known of the potential for P. 
ramorum to establish and produce an epiphytotic in Australia is reviewed. 
1.2 History of Phytophthora ramorum 
Phytophthora ramorum is a relatively new invasive plant pathogen that emerged during the 
mid-1990s in the nurseries of Europe (Werres et al. 2001) and natural woodlands of California 
(Rizzo et al. 2002). Connection between the two different disease outbreaks was not made, 
however, until 2000 (Kliejunas 2010). This connection, coupled with the large scale dieback of 
oak species in California at the same time (Svihra 2001), initiated a substantial global response 
as the insidious and destructive nature of the pathogen became understood and public pressure 
built (Kliejunas 2010). Since this time a multitude of local, regional and international policies 
for the management and regulation of the pathogen have been implemented. Science, directed 
by immediate management and regulation concerns, has continued to discover new facts about 
the pathogen. The pathogen continues to spread despite regulations (Brasier 2008; Mascheretti 
et al. 2008; Goss et al. 2009b; Goss et al. 2011) and currently is one of the foremost invasive 
pest threats worldwide. 3 
Phytophthora ramorum was not described officially until late 2001, as a disease of Viburnum 
and Rhododendron species (Werres et al. 2001). Meanwhile, unusual dieback of tanoaks, 
Notholithocarpus densiflorus (syn: Lithocarpus densiflorus), had been reported in Marin 
County, California in 1995 (Svihra 2001). By the late nineties, both coast live oak (Quercus 
agrifolia) and black oaks (Q. kelloggii) were reported as dying in the same areas, with 
particularly rapid spread documented at the urban-wildland interface (Svihra 2001). It was at 
this time that the term “Sudden Oak Death” was coined (Svihra 1999). As mortality increased, 
including alongside and on properties of wealthy landowners in Marin, public pressure resulted 
in the formation of a multidisciplinary research team with many University of California (UC) 
and other scientists brought together by the California Forest Pest Council and the California 
Department of Forestry and Fire Protection to investigate the cause and treatment options of the 
disease- the California Oak Mortality Task Force (COMTF) (Alexander & Lee 2010). 
By mid-2000, the Rizzo laboratory at UC Davis had consistently isolated a Phytophthora 
species from bleeding cankers on oaks and tanoaks at different locations (Rizzo et al. 2002). 
The connection between the two independently isolated Phytophthora species from Europe 
(from Rhododendron and Viburnum species) and California (from oak and tanoak species) was 
made later that year by visiting Professor Clive Brasier of Forest Research, UK (Kliejunas 
2010). This sparked much broader surveys for the pathogen, and by the time of its formal 
description in October 2001 P. ramorum had been discovered in nurseries and natural 
ecosystems in additional European countries and North American states, and confirmed as being 
the same Phytophthora species using molecular techniques (Garbelotto & Rizzo 2005; 
Kliejunas 2010). 
Since this time, P. ramorum has continued to spread locally, regionally and globally through the 
international horticultural trade (Brasier 2008; Mascheretti et al. 2008; Goss et al. 2009b; Goss 
et al. 2011). The current geographical range of the pathogen in North American natural 
ecosystems spans over 850 km from south of Big Sur, California, to Curry County in southwest 
Oregon (University of California Geospatial Innovation Facility 2010). The pathogen has also 
been recorded in streams as far north as King County in Washington state on the west coast of 4 
the USA and associated with streams with inlet water from nurseries in Alabama, Georgia, 
Florida, Mississippi and North Carolina (COMTF 2010). In Europe, natural outbreaks have 
largely been limited to southern England and south Wales in the UK (Brasier & Webber 2010), 
with smaller outbreaks in public greens and woodlands of Belgium, Denmark, France, 
Germany, Ireland, Luxembourg, the Netherlands, Norway, Slovenia, Spain and Switzerland 
(Sansford et al. 2009). Infected nursery stock has been detected in 22 European countries, 
Canada and in numerous states in the USA where it is mainly found in the Pacific Northwest 
states of Washington, Oregon and California (Sansford et al. 2009). 
Large outbreaks beyond the initial Californian and Cornish ones in the late nineties have been 
rare. In July 2001, P. ramorum was discovered in a forest location of Curry County, Oregon 
(Goheen et al. 2002), bolstering Oregon quarantine regulations restricting hosts plants and other 
plant products coming from California (Kliejunas 2010) and instigating an eradication program 
(Goheen et al. 2002). While eradication attempts in Oregon were initially promising, heavy 
unseasonal rains resulted in expansion of the range of the disease in Oregon and long distance 
spread in 2005 and 2006 (Kanaskie et al. 2008). Eradication has been attempted on smaller 
scales in the United Kingdom, California and in nurseries in all countries (Sansford et al. 2009), 
with varied success. The disease spread widely following shipments of infested material in 2004 
from nurseries in California and Oregon to both Canadian and U.S. nurseries (Kliejunas 2010), 
but to this date P. ramorum has not been found established in Eastern American or Canadian 
forests, despite the pathogen being found in streams adjacent to infested nurseries in Eastern 
America (COMTF 2010; Kliejunas 2010). Spread of the pathogen in Europe had been much less 
dramatic, with less than 100 trees affected by bleeding cankers in Cornish gardens and natural 
woodland infections until 2009, when P. ramorum was discovered infecting large areas of 
Japanese larch (Larix kaempferi) plantations in south-west England and Wales (Brasier & 
Webber 2010; Forestry Commission 2011a). Outbreaks on Japanese larch have now been 
recorded also in western Scotland and Northern Ireland (Forestry Commission 2011a). 
Similarly, spread of the pathogen on Vaccinium myrtillus in heathlands in the UK are also a 5 
major concern as P. ramorum appears to sporulate and spread rapidly on this host (Webber & 
Denman 2009). 
Outside of limited eradication attempts, land managers and policymakers have focused on 
quarantine and regulation of the pathogen in order to prevent movement, manage and control it 
(Kliejunas 2010). Movement of host material and associated products has been highly regulated 
from areas where the pathogen is known to exist on local (i.e. inter-county regulation in 
California by CDFA), national (i.e. regulation of the U.S. nursery industry (USDA-APHIS-PPQ 
2007)) and international levels (i.e. Australian regulation of all known host genera (AQIS 
2010)). Pest risk analyses (PRAs) for P. ramorum have been released by a number of countries 
(Cave et al. 2008; Sansford et al. 2009; Sundheim et al. 2009). By 2009 more than 68 countries, 
including Australia, New Zealand, Korea and China, either included P. ramorum on their 
regulated pest lists or mentioned the pathogen in their legislation (Sansford et al. 2009). 
Despite all of these measures, the pathogen continues to spread. Phytophthora ramorum has 
now been actively infecting hosts in American and European forests for more than 15 years, 
allowing for some ecological impacts to be realised and partially understood. Millions of trees 
are estimated to have been impacted by the disease in Californian forests, with mortality rates of 
up to 63 % in infested areas of the Big Sur ecoregion (Meentemeyer et al. 2008). Research 
following wildfires in this same region indicates that the pathogen, while not necessarily 
increasing fire severity in areas where it had invaded, did change the nature of fire patterns 
depending on the duration of infestation (Metz et al. 2011). It has also been shown that the 
pathogen is promoting rapid changes in species and forest composition, which may ultimately 
result in a positive feedback on pathogen populations as infestations favour survival of the 
epidemiologically important host of the pathogen, California bay laurel (Umbellularia 
californica) (Cobb et al. 2010). Changes in forest composition are also expected to negatively 
affect wildlife (Monahan & Koenig 2006). The P. ramorum story is only just beginning. The 
effectiveness of current regulatory, management and control methods will become clearer with 
time as scientists continue to gather knowledge and assess the spread and impact of the disease. 6 
At present, however, the situation is serious and there is reason for continued concern, 
especially if the pathogen spreads to other novel location(s) in the world. 
1.3 The disease tetrahedron 
Disease development in plants relies on three components: a virulent pathogen, compatible 
host(s) and environmental conditions which favour disease. Collectively these are known as the 
disease triangle (Agrios 2005) and form the conceptual cornerstone of the study of plant 
pathology. An extension of the disease triangle concept, the disease tetrahedron, takes into 
consideration the impact of human behaviour and management of natural and agricultural 
systems (Zadoks 2001). The concept can theoretically be extended further, to incorporate social 
and human welfare impacts (Scholthof 2007), but this is not considered explicitly in this 
literature review. Therefore, while disease development is a natural process the disease 
tetrahedron concept acknowledges that it is ultimately dominated by human behaviour. The 
introduction of a pathogen and severity or frequency of disease outbreaks are often directly 
related to decisions and actions made by independent citizens, land managers and policy 
makers. 
The introduction and success of exotic plant pathogens into novel environments is an excellent 
example of the concept of the disease tetrahedron at work. Although a pathogen is reliant on a 
suitable climate and susceptible host(s) at a new location, it must first be introduced into a novel 
environment. While some pathogens may be dispersed by natural wind or wind-driven rain 
events (i.e. rust pathogens via wind and the spread of Dothistroma septosporum from New 
Zealand to Australia potentially through severe weather events), the spread of pathogens is more 
likely to be linked to increased levels of global human movement and trade (Levine & 
D’Antonio 2002; Ehrenfeld 2005).  
As an example, the increase in ‘plants for planting’ in the horticultural trade is an ideal entry 
pathway for exotic plant pathogens. Plants may not always be bare-rooted (increasing the 
likelihood of soil-borne organisms to pass through), they may not be kept in quarantine under 7 
adequate conditions to induce disease development or they may not be tested adequately for 
latent or asymptomatic infections. Numerous records of introductions of plant pathogens on 
nursery stock exist in almost all horticultural industries. Economically and biologically 
destructive pathogens such as Candidatus Liberibacter asiaticus (citrus greening) (Manjunath et 
al. 2008), Cronartium ribicola (white pine blister rust) (Maloy 2001), D. septosporum 
(Bradshaw 2004), Xanthomonas axonopodis pv. citri (citrus canker) (Gottwald et al. 2002), and 
a variety of Phytophthora species (Brasier 2008), to name only a few, have all been introduced 
into novel environments on infested nursery stock. With continued growth and structural change 
in the horticultural industry in response to international markets, stemming the tide of 
introductions through this industry is unlikely to be achieved in the near future (Dehnen-
Schmutz et al. 2010). Beyond initial introduction of exotic species through horticultural trade, 
artificial nursery environments often provide the ideal environmental conditions for pathogen 
survival and spread and may also bring pathogens into contact with novel hosts. 
Time may also be considered as a component of disease development, affecting each component 
of the disease tetrahedron. For example, the timing of pathogen arrival, human or non-human 
mediated, coinciding with suitable environmental conditions for both pathogen infectivity and 
host susceptibility and the time it takes for managers and policy makers to act to eradicate or 
manage a plant pathogen, all affect the pace of spread and ultimate impact of a plant pathogen in 
a novel environment. Like the social effects of plant disease, this component of disease 
development is not considered explicitly in this literature review. Time is often approached 
independently on a finer scale when considering a particular epidemic occurring in space and 
time (Zadoks 2001). 
1.4 Biology and ecology of Phytophthora ramorum  
Phytophthora ramorum belongs to the genus Phytophthora, a group of oomycetes (water 
moulds) within the kingdom Chromista known as ‘plant destroyers’, more closely related to 
brown algae than to true fungi (Barr 1992). The genus affects both ecological and agricultural 8 
systems, and contains species known to change history and landscapes. Mass starvation and 
emigration was caused by the Late Potato Blight pathogen, P. infestans, in Ireland in the 1800s 
(Erwin & Ribeiro 1996); while P. cinnamomi, commonly known as Phytophthora dieback, has 
impacted over 41 % of plant species in the South-West Botanical Province of Western 
Australia, altering the landscape irrevocably (Shearer et al. 2007). The spread and establishment 
of invasive Phytophthora species such as P. cinnamomi¸ P. kernoviae, P. lateralis and P. alni 
have been increasingly and more widely reported over the past ten years (Rizzo & Garbelotto 
2003; Brasier et al. 2005; Trummer et al. 2007). Most recently P. ramorum, cause of sudden 
oak death (SOD), has emerged as one of the latest of these ‘Plant Destroyers’. 
Biological factors of the pathogen which contribute to its invasiveness and potential as a 
biosecurity threat include: (i) a heterothallic mating system; (ii) the possibility of hybridisation 
with other Phytophthora species; (iii) its ability to spread via water sources such as streams or 
irrigation systems; and (iv) aerial spread; all of which are fostered within the nursery 
environment. These biosecurity threats are outlined in Table 1.1 and addressed here in further 
detail. 
1.4.1 Heterothallic mating system 
Phytophthora ramorum is heterothallic and requires two different mating types known as A1 
and A2 to reproduce sexually. The A1 mating type is found predominantly in Europe and the 
A2 predominantly in the USA (Ivors et al. 2004). This presents a major biosecurity concern as 
the two mating types could come into contact with one another to reproduce sexually, allowing 
genetic recombination to occur. Studies indicate that the US (United States) and European 
genotypes, NA1, NA2, and EU1 (where NA indicates North American lineage, EU indicates 
European lineage and numbers indicate order of appearance (see Grünwald et al. 2009)), have 
been reproductively isolated for at least 150,000 years or more (Goss et al. 2009a). This clonal 
structure has been recognized as being reminiscent of that of at least two other destructive 
Phytophthora species, P. infestans and P. cinnamomi (Goodwin et al. 1997; Dobrowolski et al. 
2003; Grünwald et al. 2009). Both of these species have clonal and sexual populations, and are 9 
separated geographically (see Grünwald et al. 2009 and references therein). Sexual populations 
of P. ramorum could therefore potentially emerge over time should isolates from different 
mating types be allowed to come in contact with each other. However, research has shown that 
viable mating between the two mating types is most probably a rare occurrence (Vercauteren et 
al. 2010) and has not been known to occur under natural conditions to date. 
1.4.2 Hybridization with other Phytophthora species 
As the pathogen has been spread within the nursery trade and is possibly in contact with a 
number of different Phytophthora species, hybridisation is also of concern (Brasier 2008). 
Hybridisation involves the mating of different Phytophthora species. The progeny of such 
matings may evolve to be more virulent than their parent species or evolve to infect a new host 
or range of hosts (Brasier 2008). One of the most alarming recent invasive Phytophthora 
species, P. alni is suspected to have recently evolved this way within the international nursery 
trade (Brasier et al. 2005) and nurseries provide the perfect breeding grounds for new 
Phytophthora species (Brasier 2008). Detections of both novel and established species of 
Phytophthora have increased in recent years (Frankel 2008). This increase in detections of 
Phytophthora species, coupled with increased opportunities for hybridisation and spread as the 
international horticultural trade continues to grow (Dehnen-Schmutz et al. 2010), could result in 
further spread of P. ramorum and bring it into contact with different Phytophthora species. This 
could ultimately result in rapid evolution of a more virulent strain of P. ramorum or entirely 
new species of Phytophthora through hybridisation and contact with novel host plants. 
1.4.3 Spread via water – streams and irrigation 
As a water-mould, P. ramorum spreads predominantly via motile infective propagules known as 
zoospores in wet environments (Erwin & Ribeiro 1996). Caducous sporangia filled with 
zoospores are spread short distances during rain events via rain-splash dispersal, while larger 
distances are thought to be crossed through wind-driven rain or main water courses such as 
streams in natural environments (Davidson et al. 2005). In the nursery setting, irrigation 10 
Table 1.1 Biosecurity risks posed by Phytophthora ramorum, their implications and recommendations for biosecurity officers 
Risk factor  Implications  Recommendations  Reference(s) 
Large host range       
 
The known worldwide host range of P. 
ramorum continues to grow, with more 
than 128 trees, shrubs and herbs, 
encompassing more than 42 plant 
families, and 77 genera. 
Without full knowledge of the pathogen's host 
range we cannot formulate policies to mediate the 
movement of all host plants, or understand its 
persistence and transmission completely in both 
natural and nursery settings. 
Continue research into potential host 
range, incorporating host range testing 
into pest risk analyses of those countries 
excluding host plants. 
(RAPRA 2007a; 
RAPRA 2007b; 
USDA-APHIS 
2010a) 
 
Asymptomatic infection and transmission     
 
Asymptomatic infection has been 
recorded on roots, and asymptomatic 
sporulation on foliage and fruit.  
Possible spread on “healthy” plants, leading to 
unwitting transmission of the pathogen to clean 
plant stock and forests, leading to breaches of 
quarantine efforts. 
Research the conditions conducive to 
asymptomatic infection occurring. 
Apply this to quarantine conditions for 
known and suspected host material to 
reduce the risk of asymptomatic plants 
being released. 
(Denman et al. 2008; 
Fichtner et al. 2008; 
Denman et al. 2009; 
Riedel et al. 2009) 
Heterothallism and genotypic diversity     
 
P. ramorum has two distinct mating 
types, and three genetic lineages, 
which are largely geographically 
isolated and may differ in  
Sexual mating of the asexually reproducing 
mating lines of P. ramorum, and genetic exchange 
between different genetic lineages, could result in 
a more virulent or biologically insidious P.  
Improve nursery hygiene and reduce 
trade of exotic plants to reduce the risk 
of mixing Phytophthora species and P. 
ramorum genotypes; 
(Brasier 2005; Elliott 
et al. 2011) 11 
  aggressiveness. ramorum genotype.   
Amend current quarantine policies to 
regulate not only for particular species, 
but to encompass unknown species and 
to exclude genotypes and mating types 
not present in particular areas. 
 
Hybridisation    
 
Phytophthora species can or may 
hybridize, potentially in the conducive 
conditions of the nursery trade or 
under natural conditions in streams. 
New hybrid Phytophthora species may develop 
phenological and host specific traits which may 
evolve into highly virulent pathogens previously 
unknown to science, and therefore almost 
impossible to prepare for. 
(Brasier 2008) 
Non-specific symptoms     
 
Leaf blight, shoot dieback, and bole 
canker symptoms caused by P. 
ramorum are very common and non-
specific, and are commonly caused by 
many plant pathogens. 
Disease caused by P. ramorum could be 
misdiagnosed as being caused by other plant 
pathogens, allowing for the disease to spread 
and/or escalate in the absence of appropriate 
control measures. 
Train surveillance staff. Regularly test 
plant material using traditional or 
molecular techniques to confirm disease 
is being caused by P. ramorum. 
(Davidson et al. 
2003; Hansen et al. 
2005) 
Spread via soil, irrigation water and natural watercourses     
 
P. ramorum is able to be spread via 
infective propagules in soil, irrigation 
water and streams and natural 
watercourses. 
Allows the pathogen to spread long distances 
without being detected. 
Employ baiting techniques to establish 
whether Phytophthora is in soil or water 
sources. Amend quarantine policies to 
regulate soil and water from 
contaminated areas. 
(Werres et al. 2007; 
Tjosvold et al. 2008; 
Webber & Rose 
2008) 12 
Table 1.1 (Continued) 
Risk factor  Implications  Recommendations  Reference(s) 
Aerial spread    
 
P. ramorum is able to spread via rain-
splash and wind-blown rain. It may 
also spread long distances in moist, 
dense fogs or clouds. 
Makes delineation of pathogen spread difficult 
and complicates quarantine methods as it is less 
likely that inoculum spread can be accurately 
controlled. 
Adapt and utilise current spore-trapping 
devices to delineate spread. Research 
potential mechanisms of long distance 
aerial spread. 
(Davidson et al. 
2005; Peterson et al. 
2009) 
Unknown origin     
 
The centre of origin for P. ramorum 
remains unknown. Current regulations 
restrict entry of known host material 
only from areas known to have P. 
ramorum. 
Infected plants, which may carry new genotypes 
of P. ramorum, may still be entering countries 
from the country(ies) of origin of the pathogen. 
Change to regulations based on 
quarantining high risk pathways such as 
the trade in whole plants, particularly 
bare-rooted, to reduce risk of entry of 
novel genotypes or new pathogens and 
pests. 
Develop robust molecular methods to 
identify novel pathogens in plant and 
soil samples 
(Goheen et al. 2006; 
Kluza et al. 2007; 
Vannini et al. 2009) 13 
systems are a principal mode of re-infection potential (Werres et al. 2007), as well as primary 
infection when fed from a stream (Tjosvold et al. 2008). Atypical large rain events have been 
associated with wide-scale spread and establishment of the disease in Californian forests in the 
mid to late 1990s and mid-2000s (Davidson et al. 2005; Davidson et al. 2008). This cryptic 
spread in waterways can allow for the pathogen to move vast distances unnoticed (Sutton et al. 
2009) and streams may provide the perfect environment for mixing of multiple species and 
thepossible emergence of new hybrids, as is being observed in Western Australian waterways 
(T.I. Burgess, Murdoch University, Western Australia, personal communication). Stream-
baiting for the presence of P. ramorum has proved vital in early detection of the pathogen, 
helping to delimit its spread and provide locations to trace back to identify new infection sites 
(Sutton et al. 2009). 
1.4.4 Aerial spread 
Phytophthora ramorum produces caducous sporangia which detach easily from hypha for aerial 
dispersal. These are spread during rain events via rain-splash dispersal and wind-driven rain 
(Davidson et al. 2005) and have been postulated as potentially spreading long distances in cool, 
moist air currents and mists in regions of Oregon where they have been unable to explain non-
human mediated long distance spread otherwise (Peterson et al. 2009). Aerial spread of 
sporangia in Phytophthora species is a relatively unique concept, as the majority of 
Phytophthora species are defined as soil-borne and therefore soil-transmissible pathogens 
(Erwin & Ribeiro 1996). Phytophthora infestans, P. palmivora, P. pseudosyringae, P. nemorosa 
and P. kernoviae also have aerially spread, caducous sporangia (Erwin & Ribeiro 1996; Hansen 
et al. 2003; Jung et al. 2003; Brasier et al. 2005). Also, aerial Phytophthora species, P. 
kernoviae and P. nemorosa, were discovered during studies related to P. ramorum and co-
infections of leaves with P. kernoviae in the United Kingdom and with P. nemorosa and P. 
pseudosyringae in California can occur (Murphy & Rizzo 2006). Another two potentially 
aerially spread Phytophthora species, P. captiosa and P. fallax, were described recently from 
eucalypt plantations in New Zealand (Dick et al. 2006). Phytophthora fallax has been recorded 14 
in Victoria, Australia, but has only been recovered three times; once post-fire and once in a rain-
trap in Eucalypt forests (I.W. Smith, University of Melbourne, Victoria, personal 
communication) and once by soil baiting from a declining Xanthorrhoea sp. plant (W. Dunstan, 
Murdoch University, Western Australia, personal communication). Interestingly, while being 
associated with aerial components of their host trees, these species do not produce caducous 
sporangia (Dick et al. 2006), as one would expect of an aerially dispersed Phytophthora. The 
increased detections of aerial Phytophthora species, some without caducous sporangia, coupled 
with the lack of understanding of long-distance spread of Phytophthora species in air streams 
and cloud systems continues to generate confusion surrounding the ecology of aerially dispersed 
species of Phytophthora. 
Aerial spread of P. ramorum is particularly important given that it makes management of the 
pathogen much more difficult. Delineating the current range of the pathogen and estimating its 
future spread is much more difficult than when working with soil-borne pathogens. As it has a 
soil phase too, it is still able to utilise this means of transport to spread and infest new locations. 
The pathogen may be able to take advantage of suitable conditions in mists and clouds to move 
about in the canopy and infect new hosts and spread long distances in wind-blown rain events. 
Such events may also damage host trees, potentially allowing easier infection and colonisation 
by the pathogen. 
1.5 Hosts of Phytophthora ramorum 
Since its discovery, the host range of Phytophthora ramorum has grown to include more than 
128 species across 77 genera and 42 families from a diversity of tree, shrub and herb species in 
key families such as the Fagaceae, Ericaceae, Lauraceae, and Caprifoliaceae (RAPRA 2007b; 
RAPRA 2007a; USDA-APHIS 2010a). New susceptible taxa are found regularly in both 
wildlands and nurseries, with the most astonishing recent finds of potential disease on 
Vaccinium heath species (Webber & Denman 2009) and lethal bole cankers on commercially 15 
grown Japanese larch trees (L. kaempferi) in the south-west of England, south Wales, western 
Scotland and Northern Ireland (Brasier & Webber 2010; Forestry Commission 2011a). 
Much remains to be understood about the host range and epidemiology of P. ramorum (Rizzo et 
al. 2002; Cave et al. 2008; Denman et al. 2005c), particularly in locations outside of Europe and 
North America where the pathogen has not spread to (or been detected). The multi-host strategy 
of P. ramorum makes it of particular concern to plant biosecurity as it is able to infect, persist 
and produce inoculum on a variety of plant species (Moralejo et al. 2006); however, not all of 
its hosts are known. Another non-specialised (or generalist) Phytophthora species, P. 
cinnamomi, has a known host range of more than 3000 species, 2500 of which are native to 
Australia (Hardham 2005). The description of new hosts and symptoms of P. ramorum is 
therefore essential for accurate and rapid diagnosis of the disease and has been highlighted as a 
key area of research in understanding the biology and epidemiology of this highly invasive 
pathogen (Rizzo et al. 2002; Cave et al. 2008; Denman et al. 2005c). 
1.5.1 Defining host status 
Distinctions are made in the study of the host range of P. ramorum of natural versus artificially 
infected hosts, as well as proven versus associated hosts. Host lists are maintained 
predominantly by two groups, the Food and Environment Research Agency (FERA) in the UK 
(previously maintained by the Risk Assessment for Phytophthora ramorum (RAPRA) 
organisation in Europe up until 2010) and the United States Department of Agriculture – 
Animal and Plant Health Inspection Service (USDA-APHIS) in the USA (FERA 2010; RAPRA 
2007a; RAPRA 2007b; USDA-APHIS 2010a). These lists inform PRAs and regulations 
associated with P. ramorum in many countries (Cave et al. 2008; AQIS 2007; Sansford et al. 
2009; Sundheim et al. 2009; AQIS 2010). The approaches and definitions applied to the host 
lists by these organisations have been somewhat different and are explained here. 
In Europe, RAPRA separate their host databases into natural and potential host groups (RAPRA 
2007a; RAPRA 2007b). The ‘naturally infected host’ database is strictly comprised of those 16 
hosts which have been found infected under natural conditions in nurseries or outdoors in 
gardens and woodlands (RAPRA 2007a), with no distinction as to whether host status has been 
confirmed through completion of Koch’s postulates. These naturally infected hosts may be 
endemic or exotic to the region. The ‘potential host tests’ database aims to “provide a database 
summarising the results of worldwide laboratory work in which the susceptibility of many 
different plants is categorised” (RAPRA 2007b). This ‘potential host’ database contains 
information about tests carried out in laboratories in various countries to assess susceptibility of 
a range of plants and plant parts to P. ramorum. They make the distinction that inclusion in the 
database “does not imply that the test results indicate that the plant tested is a potential host”, as 
the results of species which tested as being potentially resistant are also available (RAPRA 
2007b). 
The USDA-APHIS also maintains two lists, comprised solely of naturally infected plants 
(defined by the same measures as the RAPRA definition above), making a distinction between 
proven and associated hosts of P. ramorum (USDA-APHIS 2010a). ‘Proven’ hosts are host 
plants which Koch’s postulates have been completed (USDA-APHIS 2010a) and they are 
strictly regulated as plants, plant parts and associated material such as woodchips and soil from 
areas where P. ramorum is known to exist (USDA-APHIS 2007). Proven tree hosts, including 
Acer pseudoplatanus, Fagus sylvatica, N. densiflorus and Q. agrifolia, are further regulated for 
non-manufactured wood and wood products, including firewood, logs, and lumber (USDA-
APHIS 2010a). ‘Associated’ plants are those naturally infected plants which have been found to 
be infected with P. ramorum through culture or PCR (Polymerase Chain Reaction) methods and 
for which Koch’s postulates have not yet been completed or documented (USDA-APHIS 
2010a). ‘Associated’ hosts are regulated only as nursery stock and not for associated materials 
such as soil, woodchips and lumber (USDA-APHIS 2010a). 
In this literature review only the distinction between natural and potential host species of P. 
ramorum is made. Natural host species are those, as defined above, which have been found 
naturally infected in nurseries or outdoors in gardens or woodlands. Potential host species are 17 
those which have been tested under laboratory or greenhouse conditions and have not been 
found infected naturally. No distinction between proven and associated hosts is made. 
1.5.2 Non-European and non-American host plants 
Many hosts which are exotic in the current range of P. ramorum have been identified as natural 
and potential hosts (RAPRA 2007b; RAPRA 2007a; Hüberli et al. 2008; USDA-APHIS 2010a). 
This demonstrates the potential of this non-specialised pathogen to infect suitable hosts if 
introduced to the natural ranges of these hosts, and provides advanced warning to countries 
which have not yet suffered from an incursion of the pathogen. For example, in the case of 
Australia, two Australian native plants, Eucalyptus haemastoma (Scribbly Gum) and 
Pittosporum undulatum (Sweet Pittosporum), have been listed as natural and associated hosts, 
respectively, of P. ramorum based on field observations and pathogenicity tests in the USA and 
Europe (Hüberli et al. 2006; RAPRA 2007a; USDA-APHIS 2010a). In addition, Eucalyptus 
gunnii (Cider Gum) has been found to be an associated host from experiments in the UK 
(Denman et al. 2005c) and many other Myrtaceae have been found to have moderate to high 
susceptibility, also as associated hosts (Inman et al. 2002). 
1.5.3 Symptoms and diseases of Phytophthora ramorum 
Symptoms vary among hosts and are very non-specific. Phytophthora ramorum causes three 
distinct diseases on susceptible plants; ramorum leaf blight, ramorum shoot dieback and sudden 
oak death (characterised by lethal bole cankers) (Hansen et al. 2005). While each of the distinct 
diseases caused by P. ramorum are important when understanding potential impacts, foliar 
infections of certain plants have been found to play a crucial role in disease epidemics in the UK 
(Rhododendron spp.) and in California and Oregon (U. californica, California bay laurel; and 
Arbutus menziesii, madrone, respectively) by providing key sources of inoculum that drive 
epidemics (Goheen et al. 2002; Brasier et al. 2004; Davidson et al. 2005). Bleeding stem 
cankers (lethal bole cankers) frequently cause mortality of tanoak (N. densiflorus) and mature 
oak (Quercus spp.) trees in California (Maloney et al. 2005), and occasional mortality of 18 
European beech (F. sylvatica) and frequent mortality of Japanese larch in the UK (Brasier et al. 
2004; Webber et al. 2010). Tree death on the scale observed in Californian woodlands and to a 
lesser scale in the UK, has and is expected to continue to cause shifts in ecosystem dynamics, 
including change in dominant species (Cobb et al. 2010), fire regime change (Metz et al. 2011), 
loss of habitat (Monahan & Koenig 2006) and loss of keystone species (Meentemeyer et al. 
2008). 
1.5.4 Asymptomatic infection 
Asymptomatic infection of and sporulation on foliage has also been demonstrated for P. 
ramorum (Denman et al. 2008; Hüberli et al. 2008). This is a concerning biosecurity problem, 
especially within the nursery trade where Phytophthora diseases are already often masked by 
the fungistatic properties of commonly-applied fungicides (Phytophthora species are not killed 
by many fungicides and instead may persist with little disease expression, masking true 
infection) (Brasier 2008). Transmission of the pathogen without detection could occur, and 
these infected host plants could be (and may well have already been) shipped to other nurseries 
or planted in gardens which interface with natural woodlands. Less susceptible species have 
been shown to support higher levels of sporulation (Linderman & Davis 2006; Frankel 2009). 
Therefore, while highly susceptible hosts may be most obvious, particularly when performing 
visual inspections, it may very well be those species with inconspicuous or asymptomatic 
infections which disseminate the pathogen, and hence the diseases it causes, more readily and 
rapidly. Suitable response to this biosecurity problem can now be seen in Australian quarantine 
practices, which now require plants to be tested by molecular (i.e. PCR) methods for the 
presence of the pathogen before release from quarantine (M. Whattam, Australian Quarantine 
Inspection Service, personal communication). 19 
1.6 Environmental requirements for Phytophthora ramorum 
Climatic suitability is important when considering the potential invasiveness of an exotic 
organism (Sutherst & Maywald 1985; Venette & Cohen 2006). The climatic requirements of P. 
ramorum are still to be fully understood, particularly in regard to requirements for resting 
structures such chlamydospores and oospores, which could survive particularly cool or warm 
periods of time. Compounding this lack of understanding is the unknown origin of P. ramorum. 
While being predicted by many to most likely be in eastern Asia, based upon climatic variables 
(Kluza et al. 2007), as well as this area being the centre for diversity for many of its most 
affected host genera such as Rhododendron spp. (Brasier et al. 2004), expeditions to the area 
have not yet uncovered P. ramorum (Goheen et al. 2006; Vannini et al. 2009). It is known that 
the pathogen survives well in the Mediterranean coastal fog belts of California, often mirroring 
the distribution of the redwoods (Sequoia sempervirens) (Rizzo et al. 2002), as well as in the 
temperate Oceanic climate of Cornwall and Wales in the South-West of England (Brasier et al. 
2004). Temperature and moisture requirements for P. ramorum have been studied under 
controlled conditions (Werres et al. 2001; Englander et al. 2006; Tooley et al. 2008; Tooley et 
al. 2009a) and further research has begun to elucidate requirements for transmission and 
persistence of the pathogen in the field and under mediated field conditions (Fichtner et al. 
2007; Davidson et al. 2008; Tjosvold et al. 2008; Fichtner et al. 2009; Davidson et al. 2011).  
Amount and distribution of moisture, rainfall and number of days of consecutive rainfall in 
particular are considered to play a crucial role in pathogen spread and disease development 
(Davidson et al. 2005; Davidson et al. 2011). This is especially apparent in years of high tree 
mortality, which historically follow very wet springs (Davidson et al. 2005; Davidson et al. 
2011). The importance of moisture and rainfall has been supported by an experimental irrigation 
nursery study which showed that the highest concentrations of infective propagules occurred 
when stream sampling was preceded by about two months with low minimum daily 
temperatures and by four days of high rainfall, indicating that cold wet conditions are highly 
conducive to disease development (Tjosvold et al. 2008). Meanwhile, persistence of 
chlamydospores in forest and nursery soils and leaf litter over the summer contribute to the 20 
disease cycle by providing an inoculum reservoir at the onset of the autumn disease cycle, when 
cool-wet rains conducive to pathogen spread and disease development can occur in Californian 
redwood-tanoak forests (Fichtner et al. 2007; Fichtner et al. 2009; Tjosvold et al. 2009). 
While many studies have modelled the potential effects and spread of P. ramorum in the United 
States and Europe (Meentemeyer et al. 2004; Guo et al. 2005; Venette & Cohen 2006; Guo et 
al. 2007; Kluza et al.), only a few models have explored the potential for disease outbreaks 
outside California or the USA (Fowler et al. 2006; Kluza et al. 2007). The nature of these 
models and their parameters are not necessarily applicable to extrapolation beyond the 
pathogen’s current distribution, especially given the misapplication of available information (i.e. 
extrapolating local distribution data to inform entire potential distribution rather than reflecting 
what this data can inform, namely potential distribution of the current infestation locally) and 
incomplete knowledge of the biology of P. ramorum, and of its possible impact on native plant 
species of other countries such as Australia. 
1.7 Human dimensions of Phytophthora ramorum 
While an understanding of the aforementioned factors( the pathogen, the host range and 
favourable environmental conditions for disease development) are key in planning to reduce the 
risk of introduction of invasive organisms, they are often poorly understood and rarely studied. 
As noted for P. ramorum the above factors are still being studied, and research of this nature is 
often fed directly into management and control strategies for the organism, with varying degrees 
of success. Quite often policy-makers and managers are anxious to contain and mitigate spread 
of a pathogen. Consequently, resources and research efforts are often directed to address 
immediate issues of defining the limits of spread and determining means of containment and 
eradication of an invasive species. This can limit resources for studying the underlying biology 
and ecology of the invasive pathogen or pest, factors crucial in formulating effective 
management, containment and eradication methods and policies. The integration of a human 
component such as this into the original disease triangle results in what Zadoks terms the 21 
disease tetrahedron (see section 1.3). This frequently neglected component of plant disease often 
dominates the possibility of incursions of pathogens, and quite possibly, the magnitude of 
disease severity and progression in novel environments. Thus, biological knowledge is only 
useful if used carefully by the end user- the horticulturalist, the administrator, the politician and 
others- to provide appropriate policies and management approaches that make use of the best 
scientific knowledge at the time to mitigate risk and contain invasions. 
1.7.1 Community support 
While a crisis often has to be well documented before politicians will respond (Young 1994), 
this was not the case for sudden oak death in Northern California. With the disease causing such 
apparent ‘sudden’ death of much loved oaks in the backyards of affluent areas the urgency to act 
was quickly realised and the funding, community and political support followed (Kliejunas 
2010). An early understanding of the links between nurseries and woodlands also instigated 
surveys of woodlands in the UK (Sansford et al. 2009; Kliejunas 2010). The destructive nature 
and high profile of the pathogen in the USA aided managers, both in Europe and Oregon, to 
garner support for the eradication of natural outbreaks of the pathogen relatively rapidly 
(Brasier et al. 2004; Kanaskie et al. 2008). In regions of the Big Sur ecoregion, community 
groups have actively sought to engage with scientists in the management of the disease in this 
area and native Indian tribes in northern California have also engaged directly with scientists to 
survey for and manage the pathogen on their lands (Alexander & Lee 2010). This active 
community involvement leverages continued support in funding the management and control of 
the disease at a policy level from regulatory bodies (i.e. USDA-APHIS) and at an active 
management level by government agencies (i.e. the United States Forest Service, USFS) at 
local, state and national levels. This is a relative unique case in responding to plant pathogen 
incursions, as often ecological or naturally based incursions are out of the public eye, such as 
with P. cinnamomi in isolated natural areas of the south-west of Australia (Dell et al. 2005). As 
a result, such disease outbreaks often garner little interest and obtaining appropriate funding and 
support can take a long time. This funding and support is crucial to gathering appropriate 22 
knowledge used to inform and enact suitable control measures. For example, it took 43 years 
before eradication efforts for P. cinnamomi were considered in Western Australia (Dell et al. 
2005), whilst they have been rapidly applied within months of discovery of P. ramorum in 
Oregon and Europe (Kanaskie et al. 2008; Sansford et al. 2009). 
1.7.2 Evolution of regulations 
While management and regulation of P. ramorum has been somewhat socially driven, 
particularly in California, the problem of stemming and containing the invasion is primarily a 
regulatory one. Regulation is a vitally important component in preventing new infestations, 
which is critical for a new pathogen with limited distribution, and works in concert with 
management on a local level to make overall progress in restricting a pathogen to its current 
range and abating threats associated with its presence. Regulations for P. ramorum effectively 
began from January 2001, starting within the USA and then expanding to international 
regulations by March of the same year (Kliejunas 2010) (Table 1.2). Regulations continued to 
be adapted as knowledge of the biology of P. ramorum and its host range were further 
elucidated. To this day the official host list that is subject to regulations continues to grow 
(RAPRA 2007b; RAPRA 2007a; USDA-APHIS 2010a) and regulations are constantly 
ammended and under review as the pathogen continues to spread and impact on new host 
species. Consistent with an emerging plant pathogen, quarantine regulations associated with P. 
ramorum have evolved considerably since their inception, often incorporating new scientific 
information as it becomes available.  
Quarantine and regulation of P. ramorum effectively began when Oregon issued an emergency 
rule banning host plants and products coming from California without treatment in January of 
2001 (ODA 2001). By March these measures were made permanent and Canada also enacted 
quarantine measures (Kliejunas 2010). In the meantime the California Department of Forestry 
and Fire protection declared an official Zone of Infestation (ZOI), originally covering seven 
counties and regulating forest timber sales (Kliejunas 2010). This allows for the use of 
additional resources and is used as a basis for the issuance of emergency regulations in May of 23 
2001 (Kliejunas 2010). The first imposition of quarantine regulations outside of North America 
was made by South Korea in August 2001, prohibiting the import of known host species from 
infested counties of California and Oregon (Kliejunas 2010). The UK and Europe, Australia and 
the Czech Republic followed in the next two years (Sansford et al. 2009; Kliejunas 2010), 
enacting quarantine regulations before many of the US states. Widespread quarantine between 
states other than those immediately bordering California in the United States did not eventuate 
until March of 2004, with Georgia, Alabama and Florida among the first to enact measures 
against materials from California (Kliejunas 2010). This was in response to potentially infected 
nursery stock already shipped across the country from California, and the measures were 
completely justified by April when a number of nurseries from numerous states confirmed that 
they had received infected nursery stock from a large wholesale nursery (COMTF 2008). With 
the continued spread of P. ramorum via infected nursery stock, USDA-APHIS issued an 
emergency order restricting interstate movement from commercial nurseries in California 
located outside of what was by now 12 quarantine counties, the expanded ZOI, in April 2004 
(Frankel 2008; Kliejunas 2010). Regulations adapted as knowledge of the pathogen and its 
spread were elucidated. For example, lack of information on the distribution of the disease and 
the utility of stream sampling was realised and this influenced the establishment of national 
surveys for the pathogen which utilised and continued to test stream sampling methodologies 
(Frankel 2008). Research into the pathogen has continued, with outputs feeding into regulatory 
decision making. 
A compensation fund program for affected nurseries has only been implemented by two 
countries affected by the disease, Canada in July 2007 (Anonymous 2009) and the United 
Kingdom in October 2004 (COMTF 2008). Importantly, financial support supplied by the 
government of the United Kingdom has focused on financial assistance primarily for the 
treatment and destruction of infested plant material in nurseries for a short period of time in 
2004 (COMTF 2008; Table 1.2) and more recently in Japanese larch woodlands in 2011 
(Forestry Commission 2011b), particularly with the view to mitigate the impact and spread of 
the pathogen. By comparison, the Canadian fund was for compensation of both lost plant stock  24 
Table 1.2 Timeline of scientific discovery and policy responses of Phytophthora ramorum in Europe, USA and internationally * 
  Scientific discovery  Policy response 
Year Europe  USA  Europe  USA  International 
1993  Nursery dieback 
1994 
1995  Tanoak dieback, CA 
1996 
1997  Coast live oak dieback, CA 
1998  Rapid spread in CA 
1999  Mortality increases in CA  Public pressure builds 
2000 
 
Phytophthora species isolated 
in CA    California Oak Mortality 
Task Force (COMTF) 
formed 
 
  Connection made between Europe and CA diseases 
  Found in nurseries in CA 
2001 
P. ramorum formally 
described 
Discovered in Curry County, 
OR 
 
CDFA restricts export of 
diseased host material  
Canada enacts 
quarantine 
 
 
OR issues quarantine rules 
against host plant products 
from infested CA counties 
South Korea enacts 
quarantine 
2002 
P. ramorum isolated 
from over 150 
nurseries in Europe 
 
UK bans import of plants 
and wood from infested 
counties in CA and OR  APHIS releases interim 
federal regulations 
overseeing interstate 
movement of host material 
from zone of infestation 
Australia enacts 
quarantine 
 
 
EU issues regulations to 
prevent spread within the 
EU and importation of the 
North American genotype 
and A2 mating type 
Canada allows trade of 
some plants from non-
infested counties of 
CA 25 
2003 
P. ramorum discovered 
on trees in Europe (UK 
and Netherlands) 
Nursery finds continue in 
CA, though still not very 
numerous, and confirmed 
on nursery stock in OR, 
WA and BC (Canada) 
Czech Republic imposes a 
quarantine for susceptible 
plants from USA, 
Germany, and The 
Netherlands 
CA requires incoming 
shipments of hosts and 
associated plants from OR, 
WA, and BC to be visually 
before being released for 
sale 
 
 
First finding in 
Switzerland 
European A1 mating type 
reported for the first time in 
the USA 
Oregon adopts emergency 
rule requiring all recipients 
of out-of-state tree and 
shrub nursery stock to 
notify state for possible 
inspection 
 
2004 
 
Infested stock from large 
wholesale nursery shipped 
to multiple states and 
Canada 
UK announces conditional 
financial assistance for 
nurseries 
COMTF offers first P. ramorum 
nursery training session 
Canada starts 
national survey 
 
   
WA issues an emergency order 
requiring nurseries receiving 
trees and plants from out-of-
state to hold them for 24 hours 
until the state Dept. of Ag. is 
notified 
 
    
AL, DE, FL, GA, IN, KY, LA, 
MS, MT, TN, UT, VA and WV 
issue quarantine measures 
against CA  
 26 
Table 1.2. (Continued) 
  Scientific discovery  Policy response 
Year Europe  USA  Europe  USA  International 
2004 
    
APHIS SOD hotline 
CA survey publicly available 
 
 
    
APHIS issues emergency order restricting 
interstate movement of hosts and associated 
plants from commercial nurseries in CA outside 
of the 12 quarantined counties without testing 
  National surveys begin 
 
 
OR positive trace back to 
nursery in Columbia County   
OR adopts emergency quarantine for all 
nurseries and compost production facilities in 
Columbia County and calls for all OR dealers 
of susceptible stock to be annually inspected, 
tested, and certified P. ramorum-free before 
host plants are sold. 
 
    
APHIS announces regulation of Camellia spp. 
on the genus level 
 
    
OR posts list of nurseries that are participating 
in P. ramorum-free program.    
2005 
     
Large wholesale nursery implicated in shipping 
infected plants throughout USA and to Canada 
implements a plant replacement program   27 
 
     
APHIS federal order put in place 
requiring all nurseries in CA, OR and 
WA that shipped host plant nursery 
stock interstate be inspected and 
certified free of evidence of P. ramorum 
Canada lifts 
restriction on host 
cut flowers from 
non-quarantine CA 
counties 
 
     
USDA issues a strategic plan addressing 
the goals for the detection, control, 
management, research, and restoration 
programs  
Canadian nursery 
industry implements 
a P. ramorum 
Nursery Certification 
Program   
       
2006  Two new P. ramorum 
A2 isolates from the 
EU lineage are 
identified in Belgium. 
EU1 reported for the first 
time in CA from a Humboldt 
nursery isolate   
APHIS issues Trace-Forward Protocol 
for nurseries that received plant material 
shipped from a confirmed P. ramorum-
infested nursery 
New Zealand issues 
notice addressing 
nursery stock 
importation 
concerns. 
2007 
 
NA1 and EU1 both 
recovered from streams in 
Humboldt - first find of the 
EU1 lineage in a wildland 
environment in North 
America. 
EU implements 
changes to 
regulations 
CA nursery inspectors now conducting 
annual inspections on medium and high 
risk plants  Canada announces 
compensation fund   
   
APHIS issues a new protocol for retail 
nurseries found infested  
2008  Vaccinium heathland 
found infested     
Oregon's Curry County quarantine area 
officially expanded   
2009  Japanese larch 
woodlands found 
infested   
Vehicle and 
bicycle races in 
infested areas 
cancelled 
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Table 1.2. (Continued) 
  Scientific discovery  Policy response 
Year Europe  USA  Europe  USA  International 
2010 
Continued spread on 
larch 
Differences in 
aggressiveness between 
genotypes discovered, with 
EU1 and NA2 being found to 
be more aggressive than 
NA1 
Debate surrounding 
funding and 
appropriate support for 
affected landowners 
continues  
 
Australia tests 
asymptomatic plant 
material from host 
genera in quarantine 
for P. ramorum 
2011 
   
UK announces 
financial assistance to 
support action against 
infected Japanese larch 
woodlands 
   
* See list of abbreviations (p. xv). A more substantial review of the history of P. ramorum can be found at the COMTF website 
(http://nature.berkeley.edu/comtf/html/chronology.html; COMTF 2008) and in the review by Kliejunas (2010). 
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and treatment costs and was specifically targeted to the nursery industry (Anonymous 2009). 
Despite the increased understanding of the hardships caused to nurseries as a result of the 
pathogen’s spread (Dart & Chastagner 2007), no other countries have adopted similar measures. 
This may partially be due to the nature of the pathogen causing destruction to many industries 
and land-owners, with economic impacts felt far beyond the nursery industry and including 
stakeholders such as homeowners, government and private parks and gardens, power companies 
and local counties which have had to remove infested trees. Much of the US funding continues 
to be fed directly into regulatory and research programs. This may reflect that the US is 
focusing on producing overarching outcomes which are of the best cost-benefit ratio to the 
greatest number of stakeholders. Some easing of quarantine regulations is expected and has 
been experienced with the advent of agreed nursery protocols and nursery certification programs 
(Kliejunas 2010).  
An outline of the key scientific discoveries related to P. ramorum and the evolution of the main 
regulatory and policy actions taken over the same course of time are shown in Table 1.2. A 
more substantial review of the history of P. ramorum can be found at the COMTF website 
(http://nature.berkeley.edu/comtf/html/chronology.html; COMTF 2008) and in the review by 
Kliejunas (2010). 
1.8 Australian risk of Phytophthora ramorum invasion 
1.8.1 Entry Potential 
Increased international trade and human movement have led to an escalation in the spread and 
establishment of invasive plant pathogens (Levine & D’Antonio 2002; Ehrenfeld 2005). 
Australian plant industries and natural ecosystems benefit greatly from Australia’s unique 
physical isolation and robust quarantine policies in protecting them from these invasive pests. 
These policies are continually and increasingly challenged, however, by the need to plot a 
consistent course between the benefits of lowering trade barriers and the concomitant increase 30 
in risks from introduction of pests and diseases (Old & Dudzinski 1998). Given its continued 
spread through the international horticultural trade (Rizzo et al. 2005; Dart & Chastagner 2007) 
and the potential for the pathogen to spread via soiled hiking boots and camping equipment 
(Webber & Rose 2008), the possibility of P. ramorum breaching Australian quarantine barriers 
is a valid concern. 
1.8.2 Climatic suitability 
Climatic suitability is important when considering the potential invasiveness of an exotic 
organism (Sutherst & Maywald 1985; Venette & Cohen 2006). Many studies have modelled the 
potential effects and spread of P. ramorum in the United States and Europe (Meentemeyer et al. 
2004; Guo et al. 2005; Venette & Cohen 2006; Guo et al. 2007; Kluza et al.). Two models have 
explored the potential for disease outbreaks globally, Kluza et al. (2007) and Fowler et al. 
(2006). However, neither publication explicitly discusses or provides data to show the potential 
for environmental suitability for the pathogen in Australia.  
The NAPPFAST (North Carolina State University Animal Plant Health Inspection Service Plant 
Pest Forecasting System) (Magarey et al. 2007) model of Fowler et al. (2006) was a rule-based 
model informed by parameters based on the suitable climatic conditions and host range of P. 
ramorum. While the climatic component of this model may be able to be applied to Australia, 
part of its strength lies in being able to take into consideration the availability of suitable hosts 
within that climatic envelope, much of the detail for which is not yet available in an Australian 
specific context. However, the model and its operating platform are constantly being developed 
(R. Magarey, USDA-APHIS, North Carolina, personal communication), meaning that it may be 
more appropriate to be applied to an Australian specific context in the future.  
On the other hand, the GARP (Genetic Algorithm for Rule-Set Prediction) ecological niche 
model produced by Kluza et al. (2007) is a machine-learning application which used parameters 
derived from the pathogen’s Californian distribution and distributions of potential host species. 
This particular modelling approach, although capable of producing a risk map for Australia, is 31 
inappropriate as it is effectively producing a tactical map of the potential current distribution of 
the pathogen in California. This is because the model is only based on the distribution of the 
pathogen at that particular point in time and does not consider that it may not have yet filled its 
entire ecological niche. Like the NAPPFAST model (Fowler et al. 2006), it too does not take 
into account Australian host plant susceptibility, limiting the application of this 
parameterisation. 
A more suitable pest risk mapping approach using the ecological niche modelling application 
CLIMEX has been undertaken by Venette and Cohen (2006) for the continental USA. While 
difficulties exist with the utilisation of environmental characteristics suitable for disease 
development by P. cinnamomi which had previously been defined for use in CLIMEX (Brasier 
& Scott 1994) and lack of stress parameters at the time of the development of the model, the 
model has been applied to Australia (L. Pinkard, CSIRO Sandy Bay, Tasmania and I.W. Smith, 
University of Melbourne, personal communication). This model indicates that the south-east 
coast of Australia extending from Brisbane to west of Adelaide, Tasmania and the south-west of 
Western Australia have potentially suitable climates for the establishment and persistence of P. 
ramorum propagules and the diseases it causes. 
1.8.3 Susceptible hosts 
As a result of evolutionary processes Australia has one of the most unique and biodiverse 
assemblages of flora in the world (Department of Environment and Heritage 1994). This is a 
result of high rates of endemism, measured both on a comparative level globally and as a 
percentage of total plant species on the continent, coupled with surviving ancient flora species 
and the evolution of unique species adapted to Australia’s climate and landscape (Department of 
Environment and Heritage 1994). The flora of the south-west of Western Australia has been 
internationally recognised as one of 34 biodiversity “hotspots” worldwide (Mittermeier et al. 
2004). These biodiversity values are already adversely influenced by another introduced exotic 
Phytophthora species, P. cinnamomi, which impacts over 41 % of the 5710 described plant 
species in this botanical province (Shearer et al. 2004). 32 
The worldwide host range of P. ramorum continues to grow, presently incorporating more than 
128 species encompassing a diversity of trees, shrubs and herbaceous species found in 
wildlands and nurseries (RAPRA 2007b; RAPRA 2007a; USDA-APHIS 2010a) and including 
the Australian tree species E. gunnii, E. haemastoma and P. undulatum (Hüberli et al. 2006; 
RAPRA 2007a; USDA-APHIS 2010c). Australia also has two native Rhododendron species 
(Australian Rhododendron Society 2007), a highly susceptible genus capable of driving 
epidemics incited by P. ramorum (Brasier 2008). Additionally,  a number of natural and 
associated host species of P. ramorum have been introduced to Australia, some existing as 
naturalized species (Lefoe 2002). Much remains to be understood about the host range of P. 
ramorum, particularly with regard to Australian plant species, and this has been highlighted as a 
key area of research in understanding the biology and epidemiology of this highly invasive 
pathogen (Rizzo et al. 2002; Cave et al. 2008; Denman et al. 2005c). 
Given the wide and increasing host range of P. ramorum, including Australian native species 
(Hüberli et al. 2006; RAPRA 2007a; RAPRA 2007b; USDA-APHIS 2010a), and evidence of a 
multiple-host method of dispersal (Moralejo et al. 2006) it was hypothesised that many 
Australian native plant species are susceptible. 
1.9 Summary 
Phytophthora ramorum has proven to be a biologically and economically devastating pathogen 
in man-made nursery and garden situations throughout Europe and North America (Werres et 
al. 2001; Dart & Chastagner 2007) and natural ecosystems in the United Kingdom (Brasier et 
al. 2004) and the west coast of the USA (Rizzo et al. 2002). Human-mediated spread, 
particularly through the movement of nursery grown infected plants, has proven to be the most 
important method of spread for the pathogen, particularly into novel environments (Brasier 
2008). Once introduced and successfully established the pathogen has been able to instigate 
small and large scale epiphytotics. The pathogen itself is biologically suited to invasiveness, 
thriving in climates favourable for disease development where susceptible hosts exist. 33 
Consistent with the concept of the disease tetrahedron, humans continue to try to manage and 
control continued spread of the disease, with varied success. Research indicates that P. 
ramorum may produce further epiphytotics in novel environments, such as Australian natural 
ecosystems, should the pathogen breach quarantine barriers and become established. 
1.10 Research objectives 
The objectives of the research presented in this thesiswere to: 
1)  provide an understanding of the potential foliar, branch and bole susceptibility of a broad 
range of Australian plant species to P. ramorum (Chapters 2 and 3); 
2)  provide an understanding of the P. ramorum sporangia producing potential on foliage of a 
broad range of Australian plant species (Chapter 2); 
3)  develop a climate-based model of the potential geographic range of the pathogen (Chapter 
4); and 
4)  analyse the integration of scientific knowledge between European and North American 
policy and management responses to P. ramorum (Chapter 5). 
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2. POTENTIAL SUSCEPTIBILITY OF AUSTRALIAN 
FLORA TO PHYTOPHTHORA RAMORUM AND 
PATHOGEN SPORULATION POTENTIAL 
2.1 Introduction 
Phytophthora ramorum is an invasive plant pathogen causing widespread damage in nurseries, 
gardens and natural woodland ecosystems of the USA and Europe (Werres et al. 2001; Rizzo et 
al. 2005; Brasier & Webber 2010). It is classified as a Category 1 plant pest risk to Australian 
plant biosecurity (Plant Health Australia 2006) and is internationally recognized as a plant 
biosecurity threat. At least 68 countries, including South Korea, Canada, Mexico, Taiwan and 
New Zealand have established quarantine policies and protocols against plant materials from 
areas known to have the pathogen (Sansford et al. 2009). Spread through the international 
nursery trade (Brasier 2008), P. ramorum can completely alter natural ecological landscapes and 
cause considerable economic losses (Rizzo et al. 2005; Dart & Chastagner 2007; Cobb et al. 
2010). In the USA alone it has caused extensive mortality of trees and shrubs in natural 
woodlands of California and Oregon (Meentemeyer et al. 2008) and its presence has imposed 
significant economic costs and hardships on nursery operators within quarantine areas affected 
by the disease (Dart & Chastagner 2007). It is of particular interest to Australian plant 
biosecurity as, like P. cinnamomi, another invasive Phytophthora species causing severe 
dieback in Australia (Environment Australia 2001; Shearer et al. 2007), it has the potential to 
become a major economic and ecological threat in areas with susceptible hosts and suitable 
climates. 
The known worldwide host range of P. ramorum continues to grow, with more than 120 species 
of trees, shrubs and herbs (encompassing more than 25 plant families) affected in wildlands and 
nurseries of Europe and North America (RAPRA 2007a; USDA-APHIS 2010a), all of which 
must be managed according to their susceptibility and ability to drive potential epiphytotics. For 
example, more than a decade after it was first discovered in natural woodlands of the UK, two 
epidemiologically important sporulating hosts, Vaccinium myrtillus in heathlands (Sansford et 
al. 2010) and Japanese larch (Larix kaempferi) in plantations (Brasier & Webber 2010) have 36 
been discovered, increasing the mortality rates of susceptible plant species considerably and 
resulting in further management and quarantine efforts to contain the pathogen.  
Two Australian host species, Eucalyptus haemastoma (Scribbly Gum) and Pittosporum 
undulatum (Sweet Pittosporum), have been listed as associated hosts of P. ramorum, based on 
field observations and pathogenicity tests in the USA and Europe (Hüberli et al. 2006; RAPRA 
2007a). In addition, Eucalyptus gunnii (Cider Gum) and E. dalrympleana (White Mountain 
Gum) have been found to be susceptible using artificial inoculation methods in the UK and 
Spain (Denman et al. 2005c; Moralejo et al. 2009). Similarly, E. regnans has been identified as 
a potential bole canker host and a range of potential Australian branch hosts identified in studies 
conducted in California (Chapter 3). Given the wide and increasing known host range of P. 
ramorum and evidence of a multiple-host method of dispersal (Moralejo et al. 2006), it is 
expected that many more Australian native plant species are potentially susceptible and 
sporulating hosts. 
Phytophthora ramorum causes three distinct diseases on susceptible plants: Ramorum Leaf 
Blight, Ramorum Shoot Dieback and Sudden Oak Death (characterised by lethal bole cankers) 
(Hansen et al. 2005).While each of the above are important when understanding potential 
impacts, foliar infection of some species has been found to play a crucial role in transmission of 
the pathogen in the UK (Rhododendron spp.) and California (Umbellularia californica, 
California bay laurel; and Notholithocarpus densiflorus, tanoak) by providing key sources of 
inoculum that drive epiphytotics (Goheen et al. 2002; Brasier et al. 2004; Davidson et al. 2005). 
Detached foliar assays have been used by a number of authors to assess susceptibility and 
sporulation potential of a range of species to P. ramorum in vitro (Parke et al. 2002; Denman et 
al. 2005c; Hansen et al. 2005; Denman et al. 2006b; Hüberli et al. 2008). These methods have 
been confirmed as a good indicator of field susceptibility when compared with natural infection 
and other methods of inoculation (Hansen et al. 2005).  
Australian quarantine regulations restrict the entry of all materials which fall into known host 
genera of P. ramorum, from areas known to have the pathogen (AQIS 2007). Given the 
incomplete knowledge of the host range and geographical origin of P. ramorum, research into 37 
the potential host range of Australian native species was undertaken to make an accurate 
assessment of the risk that it may pose to Australian and international plant biosecurity. 
Detached foliar assays were used to assess the susceptibility and sporulation production 
potential to P. ramorum of a range of Australian native species representative of climatic zones 
in Australia where the pathogen is predicted to survive and sporulate (E.A. Pinkard, CSIRO and 
I.W. Smith, University of Melbourne, personal communication). Due to the quarantine status of 
the pathogen in Australia, all assays were conducted in Davis, California on Australian plant 
material sourced from established gardens and arboreta throughout Northern California. The 
results of these assays are discussed and related to quarantine and management 
recommendations for Australian and international plant biosecurity. 
2.2 Materials and methods 
In vitro leaf inoculations of Australian native plants were used to determine potential foliar 
susceptibility to P. ramorum and sporangia production potential (sporulation potential) in 22 
experiments between April 2008 and October 2009 at Davis, California, USA (Table 2.1). 
Potential foliar susceptibility was tested by examining measures of disease incidence, severity 
and infectivity over 16 experiments, eleven of which were conducted under “summer” 
conditions and five which were conducted under “winter” conditions. Sporulation potential on 
the foliage was tested over four experiments in spring (May/June) 2009 and the influence of 
temperature on sporulation potential was tested in two experiments in October 2009. 
2.2.1 Isolate and inoculum production 
Isolate Pr-510 (University of California (UC) Davis, D. Rizzo Laboratory Culture Collection) of 
the NA2 lineage, isolated from Rhododendron roots from a nursery in Sacramento in 2006, was 
used in all experiments. It was shown to be highly pathogenic on both U. californica and 
Rhododendron cultivar cultivar Colonel Coen and fast growing on both one-third-strength 
clarified V8 juice agar (Campbell Soup Company, Camden, NJ; 66 ml of clarified V8 juice and 
17g of agar L
-1) and the Phytophthora-selective medium, pimaricin-ampicillin-rifampicin-38 
Table 2.1 Details of detached foliage experiments used to test the susceptibility and sporulation potential of native Australian plant species to 
Phytophthora ramorum 
Experiment Year Month  started  Location 
a  Inoculation group/season  Nonwounded  Wounded  No. of species 
b 
Susceptibility tested using leaf dip inoculation         ( 6 9 )  
F-01 2008  April  UCD  Summer  ●  ● 8 
F-02 2008  May  SFBG  Summer  ●  ● 9 
F-03 2008  May  SFBG  Summer  ●  ● 7 
F-04 2008  May  SFBG  Summer  ●  ● 11 
F-05 2008  June  UCD  Summer  ●  ● 6 
F-06 2008  June  UCB  Summer  ●  ● 14 
F-07 2008  June  UCSC  Summer  ●  ● 15 
F-08 2008  June  UCSC  Summer  ●  ● 14 
F-09 2008  July  UCSC  Summer  ●  ● 14 
F-10 2008  Nov  UCD  Winter  ●  14 
F-11 2008  Nov  SFBG  Winter  ●  24 
F-12 2008  Dec  UCB  Winter  ●  12 
F-13 2009  Jan  UCSC  Winter  ●  17 
F-14 2009  Jan  UCSC  Winter  ●  23 
F-15 2009  May  UCSC  Summer  ●  ● 4 
Susceptibility of lilioid monocot species tested using agar plug inoculation   (3) 
A-01 2008  June  UCSC    Summer    ● 3 39 
Inoculum concentration study   (5) 
I-01 2009  Jan  UCSC    Winter  ●   5 
Sporulation potential             (28) 
S-01 2009  May  UCD  Spring  ●   6 
S-02 2009  May  SFBG  Spring  ●  12 
S-03 2009  May  UCSC  Spring  ●  11 
S-04 2009  June  UCSC  Spring  ●   8 
Temperature and sporulation potential             
T-01 2009  Oct  UCD  Autumn  ●   3 
T-02 2009  Oct  UCD  Autumn  ●   3 
a SFBG= San Francisco Botanical Garden and Strybing Arboretum; UCB=University of California (UC) Berkeley Gardens; UCD=UC Davis Arboretum; UCSC= 
UC Santa Cruz Arboretum. 
b Total number of species in brackets for each experiment type, species were replicated over inoculation groups and some had multiple individual plants tested per 
species. Positive control species Rhododendron cv. Colonel Coen was included in all experiments and Umbellularia californica was included in all sporulation 
experiments40 
pentachloronitrobenzene agar (PARP) (Jeffers & Martin 1986), when compared with other 
isolates, including the commonly used NA1 genotype isolate Pr-52 (Hüberli et al. 2008) 
(Appendix A). The isolate was passaged through detached R. cv. Colonel Coen leaves at the 
beginning of each inoculation group (i.e. “summer” and “winter”) to maintain pathogenicity and 
maintained on PARP. Inoculum was cultured on one-third-strength clarified V8 juice agar. 
Zoospores were produced using a modified method of Parke et al. (2002). Briefly, plugs of 
mycelia were removed from 5-day old cultures, transferred to a sterile soil water solution and 
incubated for 48 h at 20 °C in the dark. Once sporangia were observed, zoospores were obtained 
by decanting plugs and soil water solution into a sterile beaker, cold shocking them in the 
refrigerator at 7 °C for 1 h and then returning them to room temperature for 75 to 90 min to 
induce zoospore release. The resulting zoospore suspension was filtered through four layers of 
cheesecloth into a sterile beaker. A 1ml subsample of inoculum was vortexed to initiate 
zoospore encystment and the concentration of the zoospore suspension determined with a 
haemocytometer. The concentration of each suspension was adjusted to approximately 2 x 10
4 
zoospores ml
-1. To determine viability and possible dilution of inoculum due to continued leaf-
dipping, three aliquots of 10 µl of the suspension in each beaker were spread onto PARP agar 
plates before, mid-way through and at the end of each leaf-dipping session. These plates were 
incubated at 20 °C for 2 to 4 days in the dark and the number of colony-forming units counted. 
2.2.2 Host plants and preparation of plant material  
Seventy Australian native plant species within 24 families and 43 genera were sourced from 
mature healthy plants in established gardens and arboreta in Northern California: San Francisco 
Strybing Arboretum, University of California (UC) Berkeley Botanical Garden, UC Davis 
Arboretum and UC Santa Cruz Arboretum. Species were selected from areas in their natural 
Australian range considered to have climates suitable for P. ramorum survival, based on 
observations of suitable climate for the pathogen in the USA and Europe and a preliminary 
CLIMEX (Sutherst et al. 2007) model developed by E.A. Pinkard (CSIRO) and I.W. Smith 
(University of Melbourne)(personal communication) using the parameters published by Venette 41 
and Cohen (2006), as well as for their ecological and economic importance to Australian plant 
industries. Individuals of a species were duplicated where possible from different locations or 
accessions (plant material was limited by the extent of the botanical collections) to give a total 
of 135 individual plants tested. The known susceptible host R.  cv. Colonel Coen (kept in 
controlled environment facilities and greenhouses at UC Davis) was used as a positive control 
species in all experiments to confirm pathogenicity of P. ramorum and favourability of 
environmental conditions for infection. Likewise, U. californica (sourced from a private garden 
in Davis, California) was included in all sporulation experiments and in one foliar susceptibility 
experiment (F-15; Table 2.1) as a positive control species. 
Branches of each individual were collected the day before inoculations were undertaken and cut 
stems and branches were kept in deionised water overnight. Before inoculation, leaves were cut 
at the base of the petiole from branches, rinsed with deionised water and placed on paper towels 
to air-dry. Mature, fully expanded leaves were used for all species. Juvenile-aged leaves were 
tested for 24 of the test species, as well as for R.  cv. Colonel Coen. Juvenile leaves were 
included to account for overall susceptibility of the test plants and to test for differences in 
susceptibility between leaf ages. 
Plants from the UC Santa Cruz Arboretum were visually inspected and treated with insecticide 
before shipping to UC Davis, in accordance with California’s Light Brown Apple Moth 
(Epiphyas postvittana) quarantine regulations at the time. Insecticide treatments were made up 
in water with either DiPel (B. thuringiensis; Abbot Laboratories) at 1.6 to 3.9 ml L
-1 of water 
and Vegol (canola oil; Lilly Miller Brands) at 3.9 to 19.5 ml L
-1 or Sunspray Oil (Paraffinic Oil; 
Sun Refining and Marketing Co.) at 6.5 ml L
-1 for the “summer” inoculations, and with 
Conserve SC (Spinosad; Dow Agrosciences LLC) at 1.7 ml L
-1 and Bonide All Seasons Spray 
Oil (Petroleum Oil) at 10 ml L
-1 for the “winter” inoculations. These species were rinsed well 
with deionised water upon arrival in Davis to remove the insecticides. A preliminary test 
(Appendix B) showed that insecticide applications did not significantly influence host 
susceptibility to P. ramorum for Agonis flexuosa, Corymbia ficifolia, Eucalyptus sideroxylon, E. 
viminalis and R. cv. Colonel Coen. 42 
2.2.3 Susceptibility testing 
Foliage of 69 of the 70 Australian plant species studied were tested for susceptibility to P. 
ramorum using a detached leaf dip assay adapted from a method of Parke et al. (2002) and 
modified by Denman et al. (2005c) over 15 of the 16 foliar susceptibility experiments (Table 
2.1). Host plants were divided into three leaf categories, namely needle-like conifer, broad-leaf 
and odd-leaf species, according to foliage morphology so as to allow for different disease 
assessment methods; and two treatment groups, wounded and nonwounded. Odd-leaf species 
were those with asymmetrical (i.e. highly lobed species such as Brachychiton populneus) or 
small (often less than 1cm in length) leaves, making comparison with other species very 
difficult. Leaves were dipped in inoculum to an approximate mid-way point on each leaf for 1 
min each. Two conifers, Phyllocladus aspleniifolius and Podocarpus lawrencei, were treated as 
broad-leaf species and the other two, Callitris rhomboidea and Lagarostrobus franklinii, were 
treated as needle-like conifers. The needle-like conifers were inoculated to the midway point of 
each needle, with wounded inoculations conducted by excising approximately 1 mm of the 
needle tips before inoculation (Fig. 2.1). Broad-leaf wounded inoculations were conducted by 
cutting off the petiole, making two v-shaped incisions in the basal half of the leaf and 
inoculating the leaf from the basal end, while nonwounded inoculations were made by 
immersing the nonwounded distal half of the leaf (Fig. 2.1). Odd leaves were inoculated in the 
same manner as broad-leaf species (Fig. 2.1). Noninoculated control leaves of each species and 
treatment group were dipped in sterile deionised water. 
Xanthorrhoea australis, a perennial long-lived monocot species with long narrow leaves (2 to 4 
mm diam), was tested by placing a P. ramorum colonised agar plug (2 mm diam) over a wound 
created by a 15 gauge (approx. 1.8 mm diam) hypodermic needle and attached to the leaf. 
Lomandra longifolia and Xanthorrhoea preissii, tested using the leaf-dip method, were also 
inoculated in this manner to test the potential suitability of this inoculation method for the grass-
like, lilioid monocot species. 
Three to twenty-three hosts were tested in any one experiment, based on collection from 
common locations, plant family and easy management of material (Table 2.1). Experiments  43 
 
Figure 2.1 Examples of leaf inoculation methods and “summer” results based on leaf category 
in each row, broad-leaf (a-d), odd-leaf (e-h) and needle-like conifer (i-l), and treatment by 
columns. Wounded areas are circled in white in the final two columns and consisted of v-shaped 
incisions for the broad-leaf (c,d) and odd-leaf (g,h) species and excision of approximately 1mm 
from the tips of the needle-like conifers (k.l). 
 
were conducted during two inoculation periods, defined as “summer” and “winter”, as material 
was collected in warmer or cooler months of the year, respectively (Table 2.1), and the 
inoculation chamber conditions were regulated to reflect these seasons. Broad-leaf and conifer 44 
inoculations were performed in both inoculation periods. Odd-leaf species and the effect of 
wounding were assessed only during the “summer” inoculations. “Summer” experiments were 
carried out from April to July of 2008 and in May 2009, while “winter” experiments were 
carried out from November 2008 to January 2009. Ten to twenty leaves of each individual plant 
were inoculated in the summer studies and ten to fifteen leaves in the “winter” studies. 
Inoculated material was placed on raised mesh trays in moist transparent plastic chambers and 
kept in temperature controlled facilities (PGR15, 2002; Conviron Controlled Environment Ltd, 
Canada) with cyclic regimes of 20 to 25 °C and 16 h photoperiod during “summer” inoculations 
and 15 to 20 °C and 12 h photoperiod during “winter” inoculations. Lower temperatures 
occurred during dark periods overnight, to simulate natural conditions. Chambers were checked 
regularly throughout the experiment and sprayed when necessary with deionised water to ensure 
they remained moist and humid. At the end of each experiment, all leaves were scanned using a 
flatbed scanner to obtain a digital record of lesion size and two or more pieces of plant tissue 
(approximately 4 to 10 mm
2) per leaf were then plated onto PARP to confirm infection by P. 
ramorum. Leaves were surface sterilised in 70 % ethanol for 30 s, rinsed in sterile deionised 
water and isolations were made from the margins of lesions when present; where no lesion was 
present, pieces were selected randomly from the inoculated area. 
Response of the hosts to P. ramorum was assessed by adapting the methods of Denman et al. 
(2005c). Three parameters were used to evaluate disease development six to eight days after 
inoculation. Disease incidence (parameter 1) was a record of presence or absence of necrosis, 
based on visual inspection only. Disease severity (parameter 2) was recorded as a proportion of 
necrotic needles per shoot for coniferous hosts (C. rhomboidea and L. franklinii) and as a 
measure of the percentage necrotic surface area for odd and broad-leaf hosts, calculated from 
the scanned digital images taken at the completion of the experiment using the image analysis 
software ASSESS v1.01 (APS Press, St Paul, MN, USA). For the three lilioid monocot species 
inoculated with an agar plug, lesion length along the length of the leaf was recorded as a 
measure of disease severity seven days after inoculation. Leaf infection (parameter 3) was an 
indication of presence or absence of P. ramorum infection per leaf, as confirmed by reisolation, 
allowing for calculation of the proportion of infected leaves for all species. 45 
2.2.4 Inoculum concentration study 
During winter, January 2009, the effect of inoculum concentration was tested on five broad-leaf 
hosts (Corymbia ficifolia, Correa reflexa, Eucalyptus denticulata, Isopogon cuneatus and 
Lomatia myricoides; one plant each) sourced from the Santa Cruz Arboretum (Table 2.1), which 
were shown to be highly susceptible from previous experiments. The positive control R. cv. 
Colonel Coen was also tested. Inoculations were as described above, using only nonwounded 
leaves, with concentrations of inoculum made to 2 x 10
2, 2 x 10
3 and 2 x 10
4 zoospores ml
-1. 
Leaves were placed directly onto moist paper towels and kept in a moist chamber at room 
temperature under laboratory light conditions (approximately a 12 hour photoperiod) in the 
laboratory for six days. 
2.2.5 Sporulation potential and chlamydospore production study 
Twenty-four broad-leaf and four odd-leaf Australian species (Acacia dealbata, Dicksonia 
antarctica, Isopogon formosus and Leptospermum scoparium), were selected for further studies 
of sporulation potential based upon their position in the canopy, prevalence in the nursery trade, 
previous susceptibility and their provenance from moist Australian environments suitable for P. 
ramorum spread (see Table 4). Mid to upper-canopy species were preferentially selected as it 
was assumed, based on the Californian and UK epiphytotics, that rain-splash and wind-driven 
inoculum from these heights would be more likely to reach a wider range of hosts across a 
forest and present a significant ephiphytotic risk. Individuals of a species were duplicated where 
possible from different locations or accessions, to give a total of 37 individual plants tested. 
These leaves were collected, stored and prepared as previously described. Seven to twelve host 
plants were tested in any one experiment, forming four inoculation groups, from May to early 
June of 2009 (Table 2.1). The timing of the studies coincided with the end of the rainy season in 
northern California, when high rates of sporangia production have been recorded (Davidson et 
al. 2005). The positive controls R. cv. Colonel Coen and U. californica were included in each 
experiment. An additional five juvenile leaves were collected from Acmena smithii, A. flexuosa, 46 
C. ficifolia, Eucalyptus globulus, E. haemastoma, E. viminalis and P. undulatum to test for 
potential effects of leaf age on these species. 
Sporulation potential was tested using a method adapted from Denman et al. (2006b). Leaves 
were placed on racks in moist, transparent chambers and up to 100 µl of inoculum (2 x 10
4 
zoospores ml
-1) applied as a drop of fluid close to the midrib on the abaxial surface of 
nonwounded leaves. Noninoculated control leaves were treated with sterile water only. Leaves 
were incubated at a constant 20 °C with a 16 h photoperiod in temperature controlled facilities 
(PGR15, 2002; Conviron Controlled Environment Ltd, Canada). The inoculum drop was 
removed after 24 h using a paper tissue. Chambers were kept moist by spraying regularly with 
deionised water. Nine days after inoculation a large drop of sterile deionised water, sufficient to 
cover the lesion or inoculation area, was placed on each leaf for 24 h, after which the water 
droplets were removed from the leaves and transferred to 2 ml microtubes. The leaf surface 
below the droplet was gently scraped with a rounded scalpel blade (No. 24) to free sporangia 
from the leaf surface. A 200 µl drop of sterile water was placed on the inoculum spot to suspend 
the scrapings, then removed and added to the microtube using a pipette. This was repeated once 
more for the abaxial side and then once again for the adaxial side of the leaf to capture any 
additional sporulation on this surface. A 5 µl drop of cotton blue (5 %; C.I. 42780) in 
lactophenol was added to each tube and the tubes were placed in a refrigerator at 7 °C until 
counting could take place, from one day to six months later. Leaves were then scanned using a 
flatbed scanner to record lesion size and returned to their moist chambers for a further five days. 
After 15 days the leaves were scanned again, to capture any increase in lesion size during this 
time and then destructively sampled to confirm infection and chlamydospore production by P. 
ramorum. Two pieces of tissue (approximately 4 to 10 mm
2) from the lesion or inoculation area 
per leaf were plated onto PARP to confirm infection by P. ramorum. An adjacent piece of leaf 
tissue of similar size was removed and placed into a 2 µl microtube with 1 µl of 1 M potassium 
hydroxide (KOH) to clear for microscopy in order to test for chlamydospore production. These 
tubes were kept at room temperature for a minimum of three weeks to clear the plant tissue for 
microscopy work. 47 
Sporangial suspensions were centrifuged at 1585 g for 3 min and all excess liquid removed. The 
remaining 20 to 100 µl of liquid was agitated using a vortex stirrer for 30 s and one to four 
drops of 20 µl each dispensed onto glass slides for counting. Sporangia were counted for each 
leaf using a compound microscope at 50 x or 100 x magnification, depending on the 
concentration of the suspension. Due to relatively high concentrations of sporangia on the 
positive control R. cv. Colonel Coen an approximate count of sporangia was made. This was 
done by reducing the suspension to a 1ml solution by centrifuging and pipetting, agitating the 
solution using a vortex stirrer and inversion and then calculating an approximate sporangia 
count based on the average of three 20 µl aliquots of solution. Leaves were assessed based upon 
presence or absence of sporangia, as well as the number of sporangia per lesion or inoculation 
point (if no lesion present) and the number of sporangia produced per cm
2 of lesion area per 
leaf. Chlamydospore assessment was conducted by examining cleared plant tissue using the 5x 
objective of a compound microscope. Leaves were assessed based upon presence or absence of 
chlamydospores. 
2.2.6 Temperature and sporulation potential 
During autumn, October 2010, the effects of temperature and incubation period were tested for 
three Australian native species (Table 2.1), known from these studies to produce sporangia: 
Agonis flexuosa, Corymbia maculata and Eucalyptus viminalis. All were sourced from UC 
Davis and the study included the positive control species R. cv. Colonel Coen and U. 
californica. Five fully expanded mature leaves of all species, including the positive controls, 
and three to five juvenile leaves of the Australian species were inoculated, incubated and 
harvested as described above for the sporulation potential study. Leaves were incubated at three 
constant temperatures (15, 20 and 25 °C) and for three time periods (3, 6 and 9 days), with a 16 
h photoperiod. All leaves were moistened with a large drop of sterile deionised water sufficient 
to cover the lesion or inoculation area that had already developed at least 24 h before harvesting 
the sporangia and at two, five and eight days. The experiment was repeated once. 48 
2.2.7 Statistical analysis 
Statistical analysis of susceptibility and sporulation potential was performed with SAS software 
(version 9.1; SAS Publishing, Cary, NC) using fixed effects multivariate methods. Disease 
incidence (parameter 1) and leaf infection (parameter 3) were analysed using a binomial 
generalised linear model with a logit link. Disease severity (parameter 2) was analysed using a 
log + 0.01 transformation and a general linear model. Use of these multivariate methods 
allowed for comparison across an unbalanced dataset, utilising all of the data in the one 
statistical run per parameter and weighting for significant results appropriately. Predictions of 
the means generated by the models are presented as the experiment is so complex that I believe 
that they represent a more appropriate comparative point among the species, which were tested 
over a number of individual experiments. Predictions represent how the statistical model 
predicts each species would behave under each condition given the effects of season, 
experiment and location of host material (fixed effects) for each parameter. 
Paired t-tests were used to test significance of leaf age on all parameters of susceptibility of 24 
Australian species (34 individual plants in total) and R. cv. Colonel Coen (2 individual plants), 
as leaf age was not found to be significant using the SAS models. “Summer” nonwounded, 
“summer” wounded and “winter” nonwounded pairings were treated separately and results of 
the t-test for unbalanced variances was used, as well as a Students t-test to compare means 
between juvenile and mature leaves. These same tests were conducted for all parameters 
measured for sporulation potential studies on seven species with juvenile leaves and to assess 
whether lesion size increased significantly from the sporangia (10 day) and chlamydospore (14 
day) harvests. The Tukey Kramer test was used to compare differences among mean lesions 
lengths recorded in the agar plug inoculations for the lilioid monocot species L. longifolia, X. 
australis and X. preisii. Analysis of variance was used to test significance of inoculum dose on 
all parameters and the Tukey Kramer test was used to compare differences between species 
across all parameters at different inoculum concentrations. Paired t-tests, Tukey Kramer test and 
analysis of variance (ANOVA) analyses were conducted using JMP software (version 8.0, SAS 
Publishing, Cary, NC). 49 
2.2.8 Susceptibility rating 
An overall susceptibility rating was calculated from the disease severity and leaf infection 
predictions of the statistical models. Firstly, disease severity was grouped into four classes, zero 
(0), > 0 to 20 % (low; 1), > 20 to 35 % (moderate; 2) and > 35 to 100 % (high; 3); while leaf 
infection was grouped into four classes of infection: none infected (zero; < 0), > 0 to 40 % (low; 
1), > 40 to 75 % (moderate; 2) and > 75 to 100 % infected (high; 3). These classifications were 
modified from classes defined by Denman et al. (2005b). Secondly, for each of the treatment 
combinations of “winter” nonwounded (WN), “summer” nonwounded (SN) and “summer” 
wounded (SW), the class value of disease severity (0 to 3) was multiplied by the class value for 
leaf infection (0 to 3), resulting in a value from 0 to 9. Finally, the overall rating of 
susceptibility was then calculated using the following equation: susceptibility rating = 3*WN + 
2*SN + 1*SW, with the rating ranging from 0 to 54 (weighted for nonwounded and “winter” 
responses which are more reflective of likelihood of infection and severity of infection under 
natural conditions). Ratings were then classified as zero (0), low (1 to 18), moderate (19 to 36) 
and high (37 to 54). Where a species was inoculated in only one inoculation group (i.e. 
“summer” or “winter” only), the susceptibility rating was doubled to obtain a range from 0 to 
54, for comparative purposes. Care was taken to indicate which of the species did not have a full 
complement of treatment combinations and this was taken into account when presenting results 
and discussing comparative susceptibilities. Therefore, broad-leaf, odd-leaf and needle-like 
conifers, while having some overlap for comparison, were considered as independent groupings. 
2.3 Results 
Viable inoculum was recorded in all experiments, without considerable dilution from the initial 
to the final leaf dip. 
2.3.1 Foliar susceptibility 
The foliar susceptibility rating derived from disease severity (parameter 2) and leaf infection 
(parameter 3) showed that potentially highly susceptible Australian hosts include Correa  cv. 50 
Sister Dawn, Eucalyptus regnans, I. cuneatus, I. formosus, L. scoparium , L. lanigerum, 
Melaleuca squamea and Taxandria marginata (Table 2.2). Moderately susceptible hosts 
included A. flexuosa, Banksia attenuata, Correa reflexa, C. ficifolia, Eucalyptus delegatensis, E. 
denticulata, E. haemastoma and E. viminalis. Acacia melanoxylon, Atherosperma moschatum, 
Eucalyptus globulus, Billardiera heterophylla and the conifer and lilioid monocot species tested 
showed consistently low susceptibility. The low susceptibility hosts, Hedycarya angustifolia, 
Olearia argophylla, Phyllocladus aspleniifolius, P. undulatum and P. lawrencei, may 
potentially be resistant, as indicated by low levels of leaf infection, particularly when 
nonwounded in the “summer” inoculations (Table 2.2). 
All species in the susceptibility study became infected with P. ramorum (parameter 3), with 
some asymptomatic infection of individual leaves recorded. Discrete dark-brown lesions were 
characteristic of infection on symptomatic species, with paler lesions observed on leaves of E. 
globulus. Seventy-six percent of all inoculated leaves developed some degree of necrosis 
(parameter 1), while 77 % were infected with P. ramorum (parameter 3). Disease incidence 
(parameter 1) and severity (parameter 2) were less severe (P < 0.0001) on the noninoculated 
control leaves than on the inoculated leaves and shoots and P. ramorum was not isolated from 
any of these control leaves. Inoculated Rhododendron leaves were predicted to have 100 % 
infection by the statistical models in all cases and all U. californica leaves were infected and 
diseased under all treatment conditions, confirming the virulence of the isolate (Table 2.2). 
Inoculation group (i.e. “summer” and “winter”) did not affect disease incidence or leaf 
infection, but did increase (P ≤ 0.05) disease severity, particularly when considering a 
species*inoculation group interaction (Table 2.2). Wounding did not affect disease incidence 
overall in the “summer” and while inoculated wounded leaves had higher (P < 0.0001) rates of 
leaf infection overall, there were no significant species*wounding interactions in this 
inoculation group. Conversely, while disease severity was not affected by wounding overall in 
the “summer”, lesions were larger (P < 0.0001) for those species with a significant 
species*inoculation group interaction under these experimental conditions (Table 2.2). 
Eucalyptus saligna (0.028 during “summer” and 0.034 during “winter”), Lomatia myricoides, I. 51 
formosus and Taxandria marginata leaves had larger (P ≤ 0.05) lesions under these “summer” 
conditions (Table 2.2). 
Analyses of leaf infection were conducted on inoculated material only, as P. ramorum was not 
isolated from any of the control leaves. Eleven Australian species, Bauera rubioides, C. 
maculata, Eucalyptus cneorifolia, E. delegatensis, E. globulus, E. regnans, E. saligna, Hakea 
rostrata, I. cuneatus, Leptospermum grandiflorum and Pomaderris apetala, as well as the 
positive control U. californica in which all leaves were infected when inoculated with P. 
ramorum, were excluded from further analyses of leaf infection as it is statistically impossible 
to give an estimate of the probability of a species not being infected if it was always infected in 
the original dataset. 
Phytophthora ramorum was isolated from 87 % of symptomatic inoculated leaves and 44 % of 
asymptomatic inoculated leaves. Asymptomatic infection was recorded for 48 of the 69 
Australian hosts tested in the leaf dip inoculations (Table 2.2), predominantly on nonwounded 
leaves. High levels of asymptomatic infection (data not shown) were recorded for Tasmannia 
lanceolata (58 %), P. apetala (50 %), Lomandra longifolia (39 %), E. saligna (35 %), Acmena 
smithii (31 %) and E. leucoxylon (30 %). Disease incidence (parameter 1) and severity 
(parameter 2) were unable to be recorded for the A. flexuosa cultivar ‘Jervis Bay After Dark’ 
due to the dark colour of the leaves and disease severity was not recorded for Acacia dealbata 
due to its small leaves. 
The majority of species fell into the low (49/70) susceptibility category, followed by moderate 
susceptibility (13/70) and high susceptibility (8/70) (Table 2.2). Both needle-like conifers and 
the two broad-leaf conifers were of low susceptibility. The positive control hosts, R. cv. Colonel 
Coen and U. californica, were moderately susceptible hosts according to this categorisation. 
Species which were predicted by the statistical models to have 100 % leaf infection or for which 
all leaves were infected during the course of the experiments fell predominantly into the 
moderate and high susceptibility categories. This included the two positive control species and 
two of the three highly susceptible Australian hosts, E. regnans and I. cuneatus. However, both 
E. globulus and E. saligna, while classified as low susceptibility, also expressed 100 % leaf  52 
Table 2.2 Potential susceptibility, disease severity and leaf infection of detached leaves of Australian plant species inoculated with Phytophthora ramorum and the 
effects of inoculation conditions (“summer” and “winter”) and wounding on disease severity 
Leaf category 
a, susceptibility  group 
b, 
species 
Plants 
(exps)
 c 
Disease Severity 
d,e Leaf  Infection 
d,f,g  Susceptibility 
rating 
b 
(0-54) 
Winter Summer    Summer   Winter  Summer  Summer 
Nonwounded Sig.
h,i Wounded Sig.
h,j Nonwounded Wounded 
Positive control hosts 
Moderate susceptibility 
Rhododendron cv. Colonel Coen  (all) 0.06  0.27 * 0.52  ***  1.00  1.00  1.00  30 
Umbellularia californica  1 (1)  ...  0.14  0.34  *  …  all  all  24 
Broad-leaf hosts 
High susceptibility 
Correa cv. Sister Dawn  1 (1)  ...  0.23  0.37  …  0.80  1.00  42 
Eucalyptus regnans  1 (1)  ...  0.40  0.64  …  all  all  54 
Isopogon cuneatus  1 (3)  0.49  0.56  0.51  all  all  all  54 
Moderate susceptibility 
Adenanthos obovatus
#  2 (1)  ...  0.14  0.36  **  …  0.55  0.95  26 
Banksia attenuata
#  1 (2)  0.06  0.22  ***  0.11  0.90  0.93  1.00  24 
Correa reflexa  3 (5)  0.02  0.47  ***  0.57  0.79  0.95  1.00  36 
Corymbia ficifolia
#  2 (5)  0.01  0.23  ***  0.42  *  0.92  0.93   1.00  30 
Eucalyptus delegatensis  1 (2)  0.11  0.22  *  0.55  *  all  all  all  30 53 
Eucalyptus denticulata  1 (4)  0.13  0.20  0.24  all  1.00  1.00  27 
Eucalyptus haemastoma
#  2 (2)  0.02  0.17  ***  0.54  **  all  0.95  1.00  24 
Eucalyptus pauciflora  3 (2)  0.06  0.52  ***  0.43  0.92  all  1.00  36 
Eucalyptus sideroxylon
#  2 (4)  0.01  0.11  ***  0.48  ***  0.85  1.00  1.00  24 
Polyscias sambucifolia
#  2 (1)  ...  0.02  0.46  ***  …  0.80  0.93  30 
Low susceptibility 
Acacia melanoxylon  1 (1)  ...  0.02  0.06  *  …  0.30  0.40  8 
Acmena smithii
#  2 (4)  0.00  0.00  0.01  0.29  0.92  0.96  12 
Agonis flexuosa
#  4 (6)  0.05  0.06  0.09  0.94  0.96  1.00  18 
  Atherosperma moschatum  1 (2)  0.00  0.04  ***  0.11  *  0.20  0.33  0.87  8 
  Banksia marginata
#  5 (6)  0.01  0.04  ***  0.13  ***  0.48  0.62  0.84  13 
Billardiera heterophylla
#  3 (4)  0.00  0.00  0.00  0.23  0.02  0.15  6 
  Bursaria spinosa  1 (2)  0.05  0.07    0.16  *  all  0.47  1.00  16 
Ceratopetalum apetalum  1 (2)  0.00  0.03  **  0.03   all  all  0.95  18 
  Correa alba
#  3 (2)  ...  0.01    0.15  ***  …  0.41  0.95  14 
  Correa backhousiana
#  1 (2)  0.00  0.00    0.03  **  0.13  0.40  1.00  6 
  Correa decumbens
#  2 (4)  0.00  0.01  **  0.04  **  0.12  0.43  0.95  10 
  Correa cv. Ivory Bells
#  2 (2)  ...  0.03    0.11  ***  …  0.54  0.89  14 
Corymbia maculata
#  1 (2)  0.13  0.04  0.06  all  all  all  18 
Dodonea viscosa
#  2 (3)  0.04  0.02  0.04  0.60  0.94  0.90  15 
Eucalyptus camaldulensis
#  2 (2)  0.05  0.02  *  0.08  ***  0.80  1.00  0.92  18 
Eucalyptus cneorifolia
#  1 (1)  0.10  all  …  …  18 54 
Table 2.2 (Continued) 
Leaf category 
a, susceptibility  group 
b, 
species 
Plants 
(exps)
 c 
Disease Severity 
d,e Leaf  Infection 
d,f,g  Susceptibility 
rating 
b 
(0-54) 
Winter Summer    Summer   Winter  Summer  Summer 
Nonwounded Sig.
h,i Wounded Sig.
h,j Nonwounded Wounded 
Broad-leaf hosts (continued) 
Low susceptibility (continued) 
Eucalyptus diversicolor  1 (3)  0.05  0.12  **  0.17  all
^ all  all  18 
Eucalyptus globulus  1 (2)  0.01  0.01  0.01  all  all  all  18 
Eucalyptus laeliae
#  1 (2)  0.02  0.07  *  0.06  all  0.93  1.00  18 
Eucalyptus leucoxylon
#  4 (2)  0.03  0.05  ***  0.05  0.98  all  0.98  18 
Eucalyptus saligna
#  1 (2)  0.03  0.03  **  0.00  **  all  all  all  18 
Eucalyptus viminalis
#  2 (4)  0.04  0.10  ***  0.19  *  0.97  1.00  1.00  18 
Eucryphia lucida
#  3 (2)  0.00  0.01  *  0.05  ***  0.16  0.74  0.91  10 
Hardenbergia violacea
#  3 (4)  0.01  0.03  **  0.09  **  0.97  0.81  1.00  18 
Hedycarya angustifolia  1 (2)  0.01  0.00  0.00  0.25  none  0.00  6 
Lomatia myricoides
#  2 (3)  0.01  0.20  ***  0.06  **  0.80  0.70  0.60  15 
Macadamia tetraphylla
#  1 (1)  ...  0.02  0.02  …  0.87  1.00  18 
Nothofagus cunninghamii  1 (2)  0.00  0.03  **  0.10  **  0.20  0.73  0.80  10 
Nothofagus moorei
#  2 (2)  0.00  0.01  0.04  **  0.80  0.57  1.00  16 
Olearia argophylla#  2 (4)  0.00  0.00  0.01  **  0.45  none  0.93  9 55 
Phyllocladus aspleniifolius
#©  1  (2) 0.00  0.06 ***  0.15  * 0.15  none 0.55 5 
Pittosporum undulatum
#  2 (4)  0.00  0.00  0.00  0.54  none  0.11  7 
Podocarpus lawrencei
©  2 (2)  0.00  0.12  ***  0.83  ***  none  none  0.55  6 
Prostanthera lasianthos  2 (4)  0.02  0.15  ***  0.11  0.65  0.73  0.81  13 
Senecio linearifolius
#  1  (2) 0.01  0.03  0.08  * all  0.53 0.87 16 
Tasmannia lanceolata
#  3 (4)  0.00  0.00  0.01  0.78  0.81  0.62  17 
Tristaniopsis laurina
#  2 (4)  0.00  0.02  **  0.10  ***  0.81  0.88  0.84  18 
Needle-like conifers 
Low susceptibility 
Callitris rhomboidea
#©  2 (2)  0.01  0.01  *  0.01  0.60  0.19  0.15  9 
Lagarostrobos franklinii
#©  2 (3)  0.01  0.08  ***  0.20  **  0.45  0.60  0.72  12 
Odd-leaf hosts 
High susceptibility 
Isopogon formosus  3  (2) ... 0.82  0.48  * …  0.84 0.95 54 
Leptospermum lanigerum
#  4 (3)  ...  0.39  0.75  **  …  0.91  0.91  54 
Leptospermum scoparium  3 (3)  ...  0.66  0.98  …  0.86  0.91  54 
Melaleuca squamea
#  2 (1)  ...  0.41  0.94  **  …  0.90  1.00  54 
Taxandria marginata  1 (1)  ...  0.36  0.06  ***  …  all  0.80  42 
Moderate susceptibility 
Bauera rubioides
#  2 (1)  ...  0.06  0.31  ***  …  all  all  24 
Brachychiton populneus  3 (2)  ...  0.09  0.20  **  …  0.92  1.00  24 56 
Table 2.2 (Continued) 
Leaf category 
a, susceptibility  group 
b, species 
Plants 
(exps)
 c 
Disease Severity 
d,e Leaf  Infection 
d,f,g  Susceptibility 
rating 
b 
(0-54) 
Winter Summer    Summer   Winter  Summer Summer 
Nonwounded Sig.
h,i Wounded  Sig.
h,j Nonwounded  Wounded 
Odd-leaf hosts (continued) 
Moderate susceptibility (continued) 
Grevillea synapheae  2 (1)  ...  0.13  0.23  …  0.91  0.90  24 
Low susceptibility 
Acacia dealbata
#  1  (1)  … …  …  … 0.44  1.00  … 
Dicksonia antarctica
#  3 (2)  ...  0.05  0.13  **  …  0.92  1.00  18 
Hakea rostrata  1 (1)  ...  0.08  0.12  …  all  all  18 
Leptospermum grandiflorum
#  2 (1)  ...  0.01  0.13  ***  …  all  all  18 
Lomandra longifolia
#●  4 (3)  ...  0.01  0.01  …  0.48  0.98  14 
Pomaderris apetala
#  1 (1)  ...  0.00  0.00  …  all  all  6 
Stylidium graminifolium
#  1 (1)  ...  0.01  0.01  …  0.20  0.47  8 
Viola hederaceae
#  1 (1)  ...  0.00  0.02  *  …  0.73  1.00  14 
Xanthorrhoea australis
● 1  (1)  ...  ...  ...  ...  ... ... 
Xanthorrhoea preissii
#●  3 (2)  ...  0.02  0.02  …  0.21  0.94  10 
a Species grouped to compare disease severity: broad, odd (asymmetrical or exceedingly small) and needle-like conifers. Hosts with recordings of asymptomatic 
infection (#). C=Conifers (©). Tested using agar plug inoculation (●). Positive control species are known to be naturally highly susceptible to P. ramorum. 57 
b Calculated as a function of disease severity and leaf infection ratings, as outlined in methods: susceptibility rating.  
c The number of individual plants (and experiments) for each species. Leaves were collected randomly from multiple plants (> 20) of R. ‘Colonel Coen’ from the 
greenhouse at UC Davis for inclusion in all experiments. 
d Ten to twenty leaves of each individual plant of each species were tested for each combination of inoculation group and wounding. All results presented are the 
predicted means of statistical analyses of a general linear model (disease severity) and generalised linear model (leaf infection) with suitable error and link functions 
applied as appropriate. 
e Mean percent of necrotic leaf area or necrotic needles per shoot for needle-like conifers. 
f Mean proportion of leaves or shoots positively infected with P. ramorum, as confirmed by reisolation. 
g Where all leaves were infected (all) and no leaves were infected (none), these species were removed from statistical analyses. Where leaf infection was predicted as 
approaching 100 %, i.e. in cases where a species which was included in the analysis had a small proportion of observations which were not infected, the model was 
unable to make an estimate due to extremely large standard errors and are identified by “all^”. 
h Asterixes denote significant statistical significance, P ≤ 0.05 (*), P ≤ 0.01 (**) and P ≤ 0.001 (***). 
i Significance of difference between “winter” and “summer” nonwounded inoculations. 
j Significance of difference between nonwounded and wounded “summer” inoculations 58 
infection during the experiments. No nonwounded odd-leaf hosts in the high susceptibility 
category were 100 % infected.  
Low susceptibility hosts, H. angustifolia, O. argophylla, P. aspleniifolius, and P. undulatum 
were considered as potentially resistant hosts as they were not infected during at least one of the 
nonwounded treatments. This classification held up, even when small lesions were present 
(Table 2.2). However, all of these species were able to be infected when wounded. A similar 
result was obtained for the broad-leaf conifer P. lawrencei, which indicated some measure of 
disease incidence and severity during the “summer”, with 55 % of leaves infected when 
wounded (Table 2.2). However, leaves of P. lawrencei were not readily infected (P < 0.001) 
following nonwounded leaf inoculations and no infection or disease incidence was recorded for 
the control inoculated leaves for this species. Hedycarya angustifolia showed consistently low 
levels of leaf infection. No noninoculated control leaves of H. angustifolia inoculated with 
water responded to wounding and only one control leaf during the “winter” showed any sign of 
disease incidence or severity. 
Lomandra longifolia, X. australis and X. preisii all became infected using the needle-agar plug 
inoculation method, with no infection of the controls. Mean lesion length of L. longifolia (3.8 ± 
2.3 mm), X. australis (1.3 ± 0.4 mm) and X. preisii (5.9 ± 0.8 mm) were slightly but not 
significantly higher than the controls and were all positively infected with P. ramorum. 
Xanthorrhoea australis was putatively classified as a low susceptibility host given that lesions 
which developed on this species were smaller than those developed on the other two lilioid 
monocot species, which were both classified as low susceptibility in leaf dip inoculations. 
2.3.2 Leaf age 
For the 65 individual plant/inoculation group/wounding treatment combinations tested, only 24 
had significant (P ≤ 0.05) differences in disease severity between juvenile and mature leaves 
(Table 2.3). Of these, 19 had increased disease severity and six had a reduction in disease 
severity for juvenile leaves. The vast majority of these were in the “summer”-wounded 
treatment categories, eleven of which increased in severity and three which decreased. 59 
2.3.3 Inoculum concentration 
No infection was recorded for the noninoculated control leaves, or for the lowest inoculum 
concentration of 2 x 10
2 zoospores ml
-1. With the exception of E. denticulata, leaf infection and 
some disease severity was found for all species at 2 x 10
3 zoospores ml
-1 (Fig. 2.1a). Disease 
severity (percent necrosis of leaf) increased from 44 to 100 % among the species as inoculum 
concentration increased from 2 x 10
3 to 2 x 10
4 zoospores ml
-1. Similarly, leaf infection 
increased by 5 to 100 % between these inoculum concentrations (Fig. 2.1b). Analysis of 
variance (ANOVA; excluding the controls) showed a concentration-response relationship (P < 
0.05) for all species across all parameters, with symptom development consistently greatest at 
the highest zoospore concentration. Differences (P < 0.0001) were detected among species for 
leaf infection at 2 x 10
3 zoospores ml
-1, but not at either of the other inoculum concentrations. 
Disease severity was clearly different (P < 0.0001) at 2 x 10
3 zoospores ml
-1 amongst the tested 
species, with lesions formed on I. cuneatus larger than all of those formed on other species at 
this concentration. At 2 x 10
4 zoospores ml
-1, I. cuneatus and R. cv. Colonel Coen were more 
susceptible (P < 0.05) than C. ficifolia and E. denticulata, whilst C. reflexa and L. myricoides 
were less susceptible (P < 0.005) than I. cuneatus, but as susceptible as R. cv. Colonel Coen. 
2.3.4 Sporulation potential 
Rhododendron cv. Colonel Coen consistently had the highest proportion of leaves on which 
sporangia were produced, sporangia counts per leaf and number of sporangia per cm
2 of 
necrotic lesion (Table 4), with all infected leaves producing sporangia. Eucalyptus haemastoma 
was highest for these parameters out of all the Australian hosts (Table 2.4). Eucalyptus 
viminalis, I. formosus and N. cunninghamii also produced sporangia consistently. These results 
indicate that reisolation methods for I. formosus were not reliable, given that sporangia presence 
was 80% and leaf infection was only 40% for these leaves. Hosts on which no sporangia were 
produced and lesions were small (< 0.18 cm
2), were Acacia melanoxylon, Atherosperma 
moschatum, Dicksonia antarctica, E. diversicolor, E. regnans, Hardenbergia violaceae and P. 
undulatum (Table 2.4). No lesions or sporangia were observed for noninoculated control leaves60 
Table 2.3 Effect of leaf age on the disease severity
 a of individual plants of twenty-four broad-leafed Australian native plant species, and the positive control 
Rhododendron cv. Colonel Coen 
b inoculated with Phytophthora ramorum 
Species Site 
c 
“Winter”   “Summer” 
Non-wounded Non-wounded  Wounded 
Juvenile Mature  Sig.
d Juvenile Mature  Sig.
d Juvenile  Mature Sig.
d 
Acmena smithii  UCSC  0 ± 0  0 ± 0  …  …  …  … 
SFBG  0.34 ± 0.19  0 ± 0  …  …  …  … 
Agonis flexuosa  UCD  …  …  0.95 ± 0.03  0.01 ± 0  ***  0.78 ± 0.1  0.01 ± 0  ** 
Atherosperma moschatum  UCSC  …  …  1 ± 0  0 ± 0  1 ± 0  0.12 ± 0.06  *** 
Banksia marginata  UCB  …  …  0.33 ± 0.09  0.89 ± 0.02  **  0.94 ± 0.03  0.56 ± 0.11  * 
UCSC  0 ± 0  0.07 ± 0.06  …  …  …  … 
Billardiera heterophylla  SFBG  0.03 ± 0.02  0 ± 0  …  …  …  … 
Brachychiton populneus  UCB  …  …  …  …  0.25 ± 0.05  0.38 ± 0.06 
Correa backhousiana  SFBG  0 ± 0  0 ± 0  …  …  …  … 
Correa decumbens  SFBG  0 ± 0  0 ± 0  …  …  …  … 
Corymbia ficifolia  SFBG  …  …  0.71 ± 0.09  0.37 ± 0.05  *  0.82 ± 0.07  0.52 ± 0.06  ** 
Dicksonia antarctica  UCB  …  …  0.72 ± 0.02  0.28 ± 0.07  **  1 ± 0  0.61 ± 0.08  ** 
Eucalyptus camaldulensis  UCD  0.6 ± 0.14  0.13 ± 0.03  *  0.62 ± 0.21  0.07 ± 0.03  0.75 ± 0.19  0.06 ± 0.01  * 
UCD  0.05 ± 0.03  0.07 ± 0.04  0.14 ± 0.13  0.01 ± 0  0.37 ± 0.13  0 ± 0  * 
Eucalyptus denticulata  UCSC  …  …  0.44 ± 0.14  0.33 ± 0.06  0.25 ± 0.07  0.45 ± 0.05  * 61 
Eucalyptus diversicolor  UCSC  0.52 ± 0.2  0.06 ± 0.03  …  …  …  … 
Eucalyptus haemastoma  UCSC  0.02 ± 0  0.04 ± 0.01  0.57 ± 0.17  0.29 ± 0.04  0.79 ± 0.07  0.62 ± 0.06 
UCSC  0.03 ± 0.01  0.01 ± 0  *  0.44 ± 0.23  0.11 ± 0.08  0.91 ± 0.05  0.21 ± 0.03  *** 
Eucalyptus laeliae  SFBG  0.25 ± 0.14  0.01 ± 0.01  …  …  …  … 
Eucalyptus leucoxylon  UCD  …  …  0.26 ± 0.14  0 ± 0  0.09 ± 0.09  0 ± 0 
UCD  0.11 ± 0.04  0.09 ± 0.04  1 ± 0  0.43 ± 0.05  ***  0.96 ± 0.02  0.45 ± 0.04  *** 
UCD  …  …  0 ± 0  0.07 ± 0.04  0.01 ± 0.01  0.02 ± 0 
UCSC  0 ± 0  0.65 ± 0.04  ***  …  …  …  … 
Eucalyptus sideroxylon  UCD  0 ± 0  0.13 ± 0.05  0.48 ± 0.16  0.06 ± 0.03  0.73 ± 0.15  0.31 ± 0.05  * 
Eucalyptus viminalis  UCD  0.2 ± 0.11  0.12 ± 0.04  0.11 ± 0.06  0.21 ± 0.06  0.4 ± 0.14  0.17 ± 0.03 
UCSC  0.01 ± 0  0.01 ± 0  …  …  …  … 
Eucryphia lucida  UCSC  0.02 ± 0.01  0 ± 0  …  …  …  … 
Hardenbergia violacea  UCD  0.62 ± 0.11  0 ± 0  **  …  …  …  … 
UCD   …  …  0.4 ± 0.15  0.01 ± 0  0.83 ± 0.11  0.02 ± 0.01  ** 
SFBG  …  …  0.16 ± 0.16  0.5 ± 0.19  0.23 ± 0.14  0.55 ± 0.17 
Hedycarya angustifolia  UCSC  0.01 ± 0.01  0.01 ± 0  0 ± 0  0.01 ± 0.01  0 ± 0  0 ± 0 
Isopogon formosus  UCSC  …  …  1 ± 0  0.98 ± 0.02  0.31 ± 0.04  0.79 ± 0.08  ** 
Leptospermum lanigerum  UCSC  …  …  0.95 ± 0.05  1 ± 0  0.75 ± 0.25  1 ± 0 
Pittosporum undulatum  UCSC  0.1 ± 0.07  0 ± 0  …  …  …  … 
Rhododendron cv. Colonel Coen  GH  …  …  0.17 ± 0.07  0.78 ± 0.06  ***  0.6 ± 0.04  0.81 ± 0.06  * 
GH  0.17 ± 0.05  0.16 ± 0.04  …  …  …  … 62 
Table 2.3 (Continued) 
a Calculated as the mean percent of necrotic leaf area. Values shown are means ± standard error. 
b Species known to be naturally highly susceptible to P. ramorum. 
c Plant collection sites: GH= Glasshouse, SFBG= San Francisco Botanical Garden and Strybing 
Arboretum; UCB=University of California (UC) Berkeley Gardens; UCD=UC Davis 
Arboretum; UCSC= UC Santa Cruz Arboretum. 
d Asterixes denote significant statistical significance, where P ≤ 0.05 (*), P ≤ 0.01 (**) and P ≤ 
0.001 (***) 
 
for all species. 
The presence of sporangia was higher (P < 0.0001) for juvenile than mature leaves of A. 
flexuosa and Corymbia ficifolia. Acmena smithii, E. haemastoma and E. viminalis all had larger 
lesions on juvenile leaves (P < 0.05), but no difference in sporangia presence, when compared 
with lesions formed on mature leaves. Lesions formed 14 days after incubation were larger (P < 
0.0001) than those formed after 10 days, with an overall increase of 75%. Banksia attenuata, B. 
marginata, C. reflexa, D. antarctica, D. viscosa, E. denticulata, E. diversicolor, H. violaceae 
and I. formosus had no significant increase in lesion size (data not shown). No chlamydospore 
production was recorded on any of the inoculated material, with the exception of one U. 
californica leaf in which one chlamydospore was observed. 
2.3.5 Temperature and sporulation potential 
Zero to very few sporangia were produced on the majority of leaves in the study across all 
temperatures and periods of time for all species (data not shown). The highest maximum 
sporangia counts occurred for R. cv. Colonel Coen, being 8187 sporangia per leaf at 20 °C after 
six days, 4500 at 15 °C after nine days and 3212 sporangia at 20 °C after nine days. Analysis of 
variance showed no significant differences between the proportion of leaves infected at any of 
the temperatures after three and nine days, except for 25 °C, which had lower incidence (P < 
0.0001) of leaf infection after six days (8 %, as compared to 34 and 54 %, respectively, at 15 
and 20 °C). The presence of sporangia differed (P = 0.0127) only between 20 and 25°C, with a  63 
 
Figure 2.2 Relationship between inoculum dose and percent necrosis (a) and leaf infection (b) 
responses of five Australian native plant species and the known highly susceptible 
Rhododendron cv. Colonel Coen to leaf-dip inoculation in suspensions of Phytophthora 
ramorum zoospores (0, 2 x 10
2, 2 x 10
3 and 2 x10
4 zoospores ml
-1). Data points are means of ten 
leaves per plant species (except for three leaves for the controls, five leaves of Corymbia 
ficifolia and nine leaves of Eucalyptus denticulata) at 2 x10
4 zoospores ml
-1; bars indicate 
standard error of the means. 64 
Table 2.4 Potential sporulating hosts, presented in order of sporangia producing potential per leaf, of detached leaves of Australian plant species and the positive 
control Rhododendron cv. Colonel Coen inoculated with Phytophthora ramorum 
a 
Species 
b 
Plants 
(exps)
c 
Leaf 
infection 
d 
Lesion 
area (cm
2) 
Sporangia 
a 
Presence 
e,α Per  leaf 
β 
Maximum 
count per leaf 
β 
Per cm
2 of 
lesion area 
β 
Maximum per cm
2 
of lesion area 
Rhododendron cv. Colonel Coen^  .. (all)  1.00  7.8633  all  1,882.2  33,967  190.06  2,726 
Eucalyptus haemastoma
# 1  (1)  0.93  1.8665  0.93  210.7  1,763  112.58  1,055 
Eucalyptus viminalis
# 2  (2)  0.94  0.7329  0.62  9.875  3,900  8.90  2,829 
Isopogon formosus  1 (1)  0.40  1.2911  0.80  1.691  210  1.42  114 
Nothofagus cunninghamii  1 (1)  0.70  0.0025  0.70  1.366  29  0.07  1,148 
Umbellularia californica^  1 (4)  1.00  0.4759  < 0.01  0.3421  1,975  0.38  950 
Eucalyptus denticulata  1 (1)  0.60  0.3515  0.40  0.3385  790  0.06  700 
Corymbia ficifolia
# 1  (1)  0.74  0.0925  0.37  0.1896  1,053  0.06  309 
Eucalyptus delegatensis  1 (1)  all  0.3442  0.30  0.1325  2,157  0.14  145 
Acacia dealbata  1 (1)  none  …  0.33  0.0366  1  …  175 
Banksia marginata  2 (2)  0.55  0.0011  0.24  0.0340  9  < 0.01  370 
Correa reflexa  3 (2)  0.34  0.0235  0.20  0.0305  58  0.01  60 
Dodonea viscosa  1 (1)  0.90  0.1926  0.30  0.0299  1  < 0.01  601 
Corymbia maculata  1 (1)  all  0.0628  0.20  0.0259  35  0.04  17 
Leptospermum scoparium  1 (1)  0.90  0.0007  0.20  0.0213  9  < 0.01  < 0.01 
Prostanthera lasianthos  1 (1)  0.10  0.0270  0.10  0.0144  74  0.02  < 0.01 65 
Pomaderris apetala  1 (1)  0.30  0.3336  0.10  0.0086  5  < 0.01  < 0.01 
Agonis flexuosa
# 5 (3)  0.88  0.0262  0.07  0.0084  571  0.01  < 0.01 
Banksia attenuata  1 (1)  0.30  < 0.0001  0.10  0.0070  2  < 0.01  < 0.01 
Eucalyptus pauciflora  1 (1)  0.85  0.0473  0.10  0.0059  1  0.01  < 0.01 
Nothofagus moorei  1 (1)  all  0.0027  0.10  0.0059  1  < 0.01  < 0.01 
Eucalyptus globulus
#  1 (1)  0.80  0.0029  0.07  0.0036  1  < 0.01  < 0.01 
Acmena smithii
#  2 (2)  0.55  0.0122  0.04  0.0021  4  < 0.01  < 0.01 
Eucalyptus diversicolor  1 (1)  all  0.0906  none  none  none  none  none 
Acacia melanoxylon  1 (1)  all  0.0015  none  none  none  none  none 
Eucalyptus regnans  1 (1)  0.50  0.1702  none  none  none  none  none 
Dicksonia antarctica  1 (1)  0.30  0.0007  none  none  none  none  none 
Atherosperma moschatum  1 (1)  none  0.0291  none  none  none  none  none 
Hardenbergia violacea  1 (1)  none  0.0030  none  none  none  none  none 
Pittosporum undulatum
# 1  (1)  none  0.0001  none  none  none  none  none 
a All results presented are the predicted means of statistical analyses of generalised linear models (α) and general linear models (β), with suitable error and link 
functions applied as appropriate.
b Species known to be naturally susceptible to P. ramorum and which produce high numbers of sporangia (^). Species where 
juvenile leaves were tested (#). 
c The number of individual plants (and experiments) for each species. Ten to fifteen leaves of each individual plant of each species were tested. Leaves were 
collected randomly from multiple plants (> 20) of R. cv. Colonel Coen from the greenhouse at UC Davis for inclusion in all experiments. 
d Proportion of leaves positively infected with P. ramorum, as confirmed by reisolation. Where all leaves were infected (all) and no leaves were infected (none) these 
species were removed from statistical analyses. 
e Proportion of inoculated leaves producing sporangia. 66 
fourfold decrease from 28 % of leaves producing sporangia to 6 % of leaves producing 
sporangia as the temperature increased. There was no significant difference in the presence of 
sporangia between 15 to 20 °C and 15 to 25 °C. While not statistically significant, the trend 
indicated that the lower temperatures of 15 and 20 °C were more conducive to infection and 
sporangia production. 
2.4 Discussion 
A wide range of susceptibility and sporulation potential were recorded among the Australian 
species tested, with all 70 species screened capable of being infected with P. ramorum. High 
levels of susceptibility, measured as leaf infection and disease severity, were recorded for E. 
regnans, I. cuneatus, I. formosus, L. scoparium, L. lanigerum, Melaleuca squamea and T. 
marginata. Moderately susceptible hosts included A. flexuosa, B. attenuata, C. ficifolia, C. 
reflexa, E. delegatensis, E. denticulata, E. diversicolor, E. haemastoma and E. viminalis. The 
conifers and lilioid monocot species tested showed consistently low susceptibility, along with A. 
melanoxylon, A. moschatum, E. globulus, B. heterophylla and the remaining Correa species. 
(Denman et al. 2005c; Hansen et al. 2005)Potentially resistant hosts included H. angustifolia, 
O. argophylla, P. aspleniifolius, P. undulatum and P. lawrencei. While disease severity was low 
in many of the Australian species tested in the foliar dip studies (32/69), 47 of these species 
exhibited disease symptoms on more than 80 % of their leaves during the “summer” 
inoculations. As has been observed in other studies, disease levels varied within species (Dodd 
et al. 2005; Anacker et al. 2008), genera (Grünwald et al. 2008; Tooley & Browning 2009; De 
Dobbelaere et al. 2010) and families (Tooley & Browning 2009) of plants. 
This study confirms the susceptibility of E. haemastoma, previously recorded as a natural host 
of P. ramorum in the United Kingdom (RAPRA 2007a). On the other hand, E. globulus was 
identified as a potential host in this study, in contradiction to results obtained by Hüberli et al. 
(2008).  Similarly, the results of this study for Leptospermum scoparium, examined in the same 
study by Hüberli et al. (2008), differed significantly. Whilst Hüberli et al. (2008) observed no 
disease incidence or severity, symptoms were consistently observed in this study. Hüberli et al. 67 
(2008) also observed a greater incidence and amount of sporulation on L. scoparium than what 
was observed in this study. In a similar fashion and in a separate study Hüberli et al. (2006) 
described P. undulatum as a potential Australian host of P. ramorum. No lesions as described 
by Hüberli et al. (2006) were observed in the current study on P. undulatum, with a negligible 
disease severity of less than 0.5 % (Table 2.2). Inoculations of the same P. undulatum plants 
used by Hüberli et al. (2006), sourced from the UC Berkeley campus, also failed to reproduce 
the same results (K.B. Ireland, unpublished). The differences between these studies may be due 
to variable environmental conditions between years or the use of different isolates of P. 
ramorum, resulting in different susceptibilities. Alternatively, the different inoculation methods 
used by Hüberli et al. (2006; 2008), which involve agar plugs or immersion of the tip of the 
leaves in inoculum for 12 hours, may induce a more severe response from the host as they are 
exposed to inoculum for an extended period of time. Under these conditions, leaves would be 
likely to undergo physiological changes which may exacerbate susceptibility or produce an 
abiotically induced necrotic response. 
Putative sporulating hosts identified in the study included E. haemastoma, E. viminalis, I. 
formosus and N. cunninghamii, with lower levels of sporulation occurring in a number of other 
species such as E. denticulata, C. ficifolia, L. scoparium and A. flexuosa. Sporangia production 
was observed even on plants with low susceptibility to P. ramorum such as N. cunninghamii, on 
which only a few sporangia were observed per leaf. However, when one considers the relatively 
high levels of leaf infection that correlated with the presence of sporangia (70 % of leaves), 
there exists the potential for large numbers of sporangia to be produced on infected N. 
cunninghamii plants during a rain event. Sporangia-producing, non-lethal foliar infections, such 
as those which occur on U. californica, in Northern California, are considered to be the most 
epidemiologically important infections for the transmission of P. ramorum (Swiecki & 
Bernhardt 2002). Abundant sporulation on U. californica leaves during winter (Davidson et al. 
2005; Maloney et al. 2005) and potential survival of the pathogen within leaves during dry 
summers are postulated to contribute greatly to epiphytotics and persistence of the disease 
within Northern California. This study shows that N. cunninghamii may potentially fulfil this 
role in similar Australian ecosystems as it demonstrates high rates of infection, low levels of 68 
disease severity and consistent production of sporangia. This is of concern as N. cunninghamii 
and the other high sporulating Australian host identified in this study, E. viminalis, coexist with 
E. regnans, in the cool, moist highland areas of Victoria (Boland et al. 2006). This area has 
been identified as climatically suitable for P. ramorum growth and establishment (Chapter 4), 
while E. regnans has been identified as a potential bole canker host (Chapter 3) in branch and 
bole canker studies conducted at the same time as the foliar studies presented in this paper. All 
of the species identified in this study as putative sporulating hosts are important commercially 
in global forest and/or horticulture industries, or as keystone species in their native 
environments, and are therefore widespread in landscapes most at risk for the establishment and 
spread of P. ramorum worldwide. Species such as A. flexuosa, C. ficifolia, Correa and 
Eucalyptus species are planted and distributed widely as street trees and hardy garden plants 
throughout the world, including in areas where P. ramorum is already known to exist in 
California (K. B. Ireland, personal observation). These species have not been found naturally 
infected in these areas and no comprehensive studies examining pockets of native Australian 
plants in high inoculum pressure zones and infested nurseries have taken place so far. Despite 
the lack of confirmation of host status by natural infection, many of the species identified here 
as susceptible and sporulating hosts are potential carriers for P. ramorum and should be treated 
with caution when being traded amongst regions known to have P. ramorum in the global 
forestry and horticulture industries. .  
The range of sporangial density on Australian hosts (0 to 113 sporangia per cm
2 of lesion, as 
well as R. cv. Colonel Coen (averaging almost 190 sporangia per cm
2 and up to a maximum of 
2726), are similar to those of other studies of common north east American understory species 
(Tooley & Browning 2009), Mediterranean species (Moralejo et al. 2006), Rhododendron 
cultivars (De Dobbelaere et al. 2010) and New Zealand plant species (Hüberli et al. 2008). 
Under natural conditions during rainstorms the mean number of zoospores produced from 
infected U. californica leaves was 1173.0 ± SE 301.48 zoospores per leaf, to as high as 5200 
spores per leaf (which was comparative with laboratory trials), in studies by Davidson et al. 
(2005). Taking into account that the mean number of zoospores released from a single 
sporangium ranges from 13 to 32 (Moralejo et al. 2006; Widmer 2009), the number of 69 
sporangia found in nature (average of 27 – 113) are much less than those observed on the 
Australian species in the present study. Similarly, sporangia production on U. californica in this 
study (ranging from 0 to 1975 sporangia per cm
2 of lesion area) was lower than that recorded by 
Davidson et al. (2005). This may be associated with the phenological condition of the host, as 
the plant on which these studies were based was grown in the warmer and drier climate of 
Davis, California, or the experimental conditions used in this experiment. Given this, caution is 
urged when extrapolating these laboratory results to potential field sporulation capacities. 
Zoospore concentrations of 1 x 10
2 zoospores ml
-1 were not adequate for producing infection in 
any of the hosts tested in the inoculum concentration study, including the highly susceptible R. 
cv. Colonel Coen. Leaf infection occurred in all but E. denticulata at 2 x 10
3 zoospores ml
-1, 
with higher levels of infection occurring at 2 x 10
4 zoospores ml
-1, which was the concentration 
of inoculum used across all of the susceptibility and sporulation potential studies. Turner et al. 
(2008) found that a single zoospore of P. ramorum was sufficient to produce lesions on foliage 
of susceptible species of Rhododendron, Viburnum, Kalmia and Pieris. In the same study, 
Syringa species required at least 100 zoospores, while Camellia and Leucothoe required a 
threshold of 10,000 zoospores before an infection was established. Likewise, under natural 
conditions in California, tanoak (N. densiflorus) appears to have a much lower infection 
threshold than coast live oak (Quercus agrifolia) (Davidson et al. 2011) and this may explain 
the high comparative susceptibility of the former species. These results may indicate lower 
sensitivity and increased tolerance to P. ramorum infection by particular species, with particular 
species-specific thresholds required to induce infection. The lack of infection of E. denticulata 
at 2 x 10
3 zoospores ml
-1 may indicate a higher specific threshold for infection than the other 
species tested and a range of tolerances may therefore exist within other Australian plant species 
as well. Likewise, the high susceptibility of I. cuneatus at lower inoculum concentrations may 
indicate that it is consistently a susceptible species, similar to results obtained for Fuscia 
exortica in a similar study by Hüberli et al. (2008), which may indicate that it has a high 
probability of being a naturally infected host under conducive environmental conditions. These 
results and the results of Turner et al. (2008) support the decision to use an inoculum 
concentration of 2 x 10 
4 zoospores ml
-1 in this study. This relatively high concentration of 70 
zoospores is consistent with other P. ramorum susceptibility studies, which have used between 
1 x 10
4 to 2 x 10
5 zoospores ml
-1 (Denman et al. 2005c; Hansen et al. 2005; Hüberli et al. 2008; 
De Dobbelaere et al. 2010). In the future, species-specific responses to different inoculum 
concentrations may be able to be used as an additional measure of susceptibility and to select 
indicator plants for early detection in nurseries and natural ecosystems. 
The susceptibility of leaves and their sporulation potential were affected by the season in which 
they were inoculated and chamber conditions in which they were kept (designed to coincide 
approximately with natural conditions of summer and winter). The pathogen was able to infect 
and cause disease under both of these climatic conditions, with greater disease expression 
during the “summer” experiments. This is consistent with observations under natural conditions 
in California, where transmission and impact of the pathogen becomes apparent in the summer 
following spring rains (Davidson et al. 2005)Seasonality has regularly been highlighted as a 
contributing factor to the severity of infection and susceptibility of hosts to P. ramorum under 
controlled conditions (Dodd et al. 2008; Tjosvold et al. 2009; De Dobbelaere et al. 2010). 
Similarly, the studies on sporulation attempted in this study during the autumn month of 
October were largely ineffective, while those conducted in the spring month of April were 
successful. Reduced sporangia production agrees with epidemiological studies that show 
infection is most successful during the spring and early summer months in both natural 
ecosystem (Davidson et al. 2005; Dodd et al. 2005) and laboratory based (Denman et al. 2006a) 
studies. Therefore, conducting susceptibility studies during the spring and summer should be the 
most informative for biosecurity purposes. Further studies comparing host responses under the 
same chamber conditions across both seasons with a study similar to the one presented here 
would be valuable in elucidating whether seasonal responses were a result of host phenology at 
the time of collection of plant material or a response of hosts and pathogens to chamber 
conditions alone. 
Disease severity also increased for some species when leaves were wounded in the “summer” 
experiments, as shown in other studies (Kaminski & Wagner 2008; De Dobbelaere et al. 2010). 
I agree with De Dobbelaere et al. (2010) that the results of inoculations of nonwounded leaves 71 
are the most informative and relevant when determining levels of susceptibility amongst a range 
of species. However, identification of those species that become infected when wounded allows 
us to understand questions relating to the susceptibility or resistance of a species. Further 
research into the morphological and biochemical basis of higher levels of resistance by low 
susceptibility hosts such as A. moschatum, B. marginata and P. lawrencei when nonwounded 
may be useful in selecting particular cultivars, species, or incorporating particular resistance 
genes into new cultivars, to help manage the disease in the future. Examination of individual 
plants showed that the influence of leaf age on susceptibility was variable, indicating species or 
individual plant specific responses, with generally higher levels of disease severity recorded for 
juvenile leaves when differences did occur. These results correspond with those of Hansen et al. 
(2005) and Denman et al. (2005b), who showed younger leaves were more susceptible for 
evergreen huckleberry (Vaccinium ovatum) and sweet chestnut (Castanea sativa), respectively. 
Additionally, these results correspond with those of De Dobbelaere et al. (2010) who showed 
that younger leaves were consistently more susceptible to P. ramorum infection when they were 
wounded. The results of this study indicate that the phenological condition of the host at the 
time of transmission of the pathogen may affect its overall susceptibility, and that this is likely 
to be variable amongst different species (Dodd et al. 2008).Those species with highly 
susceptible juvenile foliage would therefore be in a more vulnerable position for infection and 
increased disease severity during the spring, when pathogen spread is known to occur 
(Davidson et al. 2005; Dodd et al. 2005). 
Asymptomatic infection was recorded in some species, with high levels (> 30 %) recorded for 
Acmena smithii, E. saligna, E. leucoxylon, Lomandra longifolia, Pomaderris apetala and 
Tasmannia lanceolata. Additionally, infection may not be readily apparent for species such as 
A. dealbata, which have particularly small compound leaves and species such as D. viscosa and 
cultivars such as A. flexuosa ‘Jervis Bay After Dark’ which have particularly dark leaves. 
Asymptomatic infection and sporulation, has been recorded by Denman et al. (2008) on fruit 
and foliage of Rosa species, on foliage of Leptospermum scoparium (Hüberli et al. 2008), and 
on root systems of Rhododendron (Fichtner et al. 2008; Riedel et al. 2009), Camellia (Shishkoff 
2006) and Lilac (Shishkoff 2007) species. In this study it was also found that 44% of 72 
asymptomatic inoculated leaves yielded P. ramorum upon re-isolation. This may indicate that 
disinfecting with 70% ethanol may not be entirely effective at removal of original inoculum 
persisting on the leaves after this time or it may indicate that asymptomatic infection can be 
quite prevalent in experimentation with P. ramorum. In either case, future studies should be 
careful when assessing potential asymptomatically infected hosts.  An understanding of 
asymptomatic infection is crucial as it may be an important issue for quarantine authorities, 
where plant release is based on the visible expression of disease symptoms. 
Susceptibility studies, particularly those conducted on detached plant material, are naturally 
fraught with difficulties, especially when it comes to extrapolation of these results to those 
expected under natural conditions of infection in the field. No standard methodology has been 
developed for susceptibility studies with P. ramorum. Past studies have used different 
inoculation techniques, incubation regimes and analyses of results, making comparisons 
between studies exceptionally difficult. The detached, in vitro, leaf inoculation method of 
Denman et al. (2005c) was used in the current study as the method is well established and 
applied as a RAPRA (the European risk assessment for P. ramorum) protocol throughout 
Europe (Denman 2007). The use of whole plant studies are generally preferable as they 
potentially predict the most comprehensive range of symptoms observed in natural ecosystems 
for known hosts (Hansen et al. 2005), whilst detached leaf studies are more likely to indicate 
higher than natural susceptibility levels as the leaves have been removed from the plant and are 
under physiological stress when tested (Tooley & Browning 2009). I would recommend future 
work on Australian species incorporate whole plant studies in order to elucidate a better 
understanding of their potential susceptibility. Inoculation methods used in this study were 
selected in an attempt to reflect the natural environment conducive to P. ramorum disease 
development. Zoospores were used as they have been recorded as being released naturally as 
infective propagates in natural ecosystems for P. ramorum (Davidson et al. 2005) and are 
generally believed to be the most important infection pathway in the disease cycle of 
Phytophthora species (Judelson et al. 2005). The temperatures used in this study were selected 
to reflect warmer (“summer”) and cooler (“winter”) conditions surrounding the optimum range 
for the growth and sporulation of P. ramorum. The majority of other studies have used a 73 
constant temperature, ranging from 17 °C (Werres et al. 2001) to 24 °C (Shishkoff 2007), with 
the majority of studies incubating material at approximately 20 °C (Denman et al. 2005c; 
Shishkoff 2006; Hüberli et al. 2008; Kaminski & Wagner 2008). Studies by Hansen et al. 
(2005) on the other hand used a cyclic temperature regime ranging from 17 to 20 °C. Cyclic 
regimes in this study were chosen in order to reflect natural conditions, where temperatures 
fluctuate diurnally. In this study, only one isolate of NA2 lineage (Grünwald et al. 2009) was 
used. In similar detached leaf studies, isolates of NA2 and EU1 lineage have been found to be 
more aggressive than those of the NA1 lineage for R. ‘Cunningham’s White’ (Elliott et al. 
2011). While earlier studies demonstrated clear differences in aggressiveness amongst A1 
(EU1) and A2 (NA1) mating type isolates in log inoculations (Brasier 2003), many foliar 
inoculation studies with multiple hosts have found no significant differences in aggressiveness 
amongst isolates (Tooley et al. 2004; Denman et al. 2005c; Kaminski & Wagner 2008). Where 
multiple isolates are used, it may be necessary to use them independently as significant isolate-
species interactions have been reported for disease severity (Linderman et al. 2007; Kaminski & 
Wagner 2008; Elliott et al. 2011; Hüberli & Garbelotto 2011) and sporulation potential 
(Denman et al. 2006b), which could be explored further in future work on Australian plant 
susceptibility. Together, the results of these other studies indicate that isolate selection is still a 
highly questionable and variable component of host range testing for P. ramorum. For the 
purposes of this study, I believe the use of the one NA2 isolate is valid as it provides a 
preliminary assessment of potential Australian plant susceptibility and a starting point to 
explore any future nuances of the effects of P. ramorum genotype and isolate differences.  
The work presented here is only a first step towards identification of potential Australian hosts 
of P. ramorum. Given the limitations of the study, the results presented here do not represent a 
definitive confirmation of any of the species presented here as hosts capable of being naturally 
infected by P. ramorum. Collection of small amounts of material and conducting the 
experiments outside all of the plants endemic range, while not ideal, was necessary to avoid any 
of the risks associated with importing the pathogen to Australia for experimentation and to 
adhere to current Australian quarantine for Category 1 plant pathogens. Caution is advised when 
interpreting these results, particularly for those species with low levels of infection and degrees 74 
of susceptibility which may represent an individual of that species which could be more tolerant 
or resistant to P. ramorum given the conditions under which it has been grown. It is suggested 
that all species with high levels of infection and leaf necrosis should be accepted as putative 
hosts, pending more comprehensive studies, as concluded by Hüberli et al. (2008) in assays for 
NZ plants. As the plants were collected outside of their endemic ranges, it is possible that these 
plants have been selected for Californian growing conditions and their reactions to P. ramorum 
may not be representative of how they would respond to P. ramorum in their native ranges. 
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3. POTENTIAL SUSCEPTIBILITY OF AUSTRALIAN 
NATIVE PLANT SPECIES TO BRANCH DIEBACK 
AND BOLE CANKER DISEASES OF 
PHYTOPHTHORA RAMORUM 
3.1 Introduction 
Phytophthora ramorum is an invasive plant pathogen causing considerable and widespread 
damage in nurseries, gardens and natural woodland ecosystems of the USA and Europe (Rizzo 
et al. 2005; Brasier & Webber 2010). It is classified as a Category 1 plant pest risk to Australian 
plant biosecurity (i.e., a pest which if not eradicated would cause major damage to both natural 
ecosystems and plant industries/amenity flora) (Plant Health Australia 2006) and is 
internationally recognized as a plant biosecurity threat. Australia, South Korea, Canada, 
Mexico, Taiwan and New Zealand have established quarantine policies and protocols against 
plant materials from areas known to have the disease (Kliejunas 2010). Spread through the 
international nursery trade (Ivors et al. 2006; Brasier 2008), P. ramorum has altered natural and 
forestry landscapes both in the south of the United Kingdom (Brasier & Webber 2010), western 
Scotland and Northern Ireland (Forestry Commission 2011a) and the Pacific coast of the USA 
(Oregon and California), where it is recognised as the causal agent of sudden oak death (Rizzo 
et al. 2005). Where it has been introduced into the ornamental plant trade, nursery and 
horticultural industries, the pathogen has caused considerable economic losses, resulting in the 
loss and destruction of many plant consignments and continued costs of surveillance and 
eradication (Dart & Chastagner 2007). There have been distinct introductions of P. ramorum 
into both Europe and North America, where it has continued to spread within the nursery 
industry on both continents (Ivors et al. 2006). Molecular evidence has demonstrated the 
transmission of the pathogen from nursery environments into natural ecosystems (Mascheretti et 
al. 2008; Goss et al. 2009b). 
Phytophthora ramorum causes a range of symptoms on more than 100 species of trees, shrubs 
and herbs (RAPRA 2007a; USDA-APHIS 2010a). Three distinct diseases are caused by P. 
ramorum: ramorum leaf blight, ramorum shoot dieback and sudden oak death (characterised by 76 
lethal bole cankers) (Hansen et al. 2005). The pathogen is spread primarily by aerial 
dissemination of sporangia and zoospores from foliar hosts which support high levels of 
sporulation, such as U. californica (California bay laurel) in Northern California and N. 
densiflorus (formerly L. densiflorus; tanoak) in Northern California and Oregon (Goheen et al. 
2002; Davidson et al. 2005) and R. ponticum and L kaempferi (Japanese larch) in the UK and 
Northern Ireland (Brasier et al. 2004; Brasier & Webber 2010; Forestry Commission 2011a). 
Ramorum shoot dieback and sudden oak death cause severe and sometimes fatal infections of a 
number of hosts, particularly within the Ericaceae and Fagaceae (Davidson et al. 2003). This 
can greatly affect ecosystem structure and dynamics. Loss of keystone species such as Q. 
agrifolia (coast live oak) and tanoak in Californian forests and F. sylvatica (European beech) in 
Cornwall (Brasier et al. 2004) is postulated to have many detrimental effects on ecosystem 
health, including loss of habitat (Monahan & Koenig 2006), modified fire risk (Metz et al. 
2011), nutrient cycling disruption and changes in species distributions and dynamics (Cobb et 
al. 2010). 
A number of native Australian plant species have been found to be either potential or naturally 
infected foliar or branch hosts of P. ramorum, when planted in the UK or California (Chapter 
2)(RAPRA 2007a; Hüberli et al. 2008; USDA-APHIS 2010a). Correa cv. Sister Dawn, E. 
regnans, I. cuneatus, I. formosus, L. scoparium, L. lanigerum and M. squamea, have been 
identified as potentially highly susceptible Australian foliar host species (Chapter 2). 
Additionally, putative sporulating hosts have also been identified and include A. flexuosa, C. 
ficifolia, E. haemastoma, E. delegatensis and E. viminalis (Chapter 2). A number of other 
proven and associated host species of P. ramorum (see USDA-APHIS 2010a) have been 
introduced to Australia, often widely planted within home gardens (i.e. Rhododendron and 
Camellia spp.), as street trees (Magnolia spp.) or are planted in the Australian forestry industry 
(i.e. redwood, S. sempervirens). Known branch dieback hosts native to Australia include A. 
melanoxylon and L. scoparium (Hüberli et al. 2008), while E. dalrympleana has been identified 
as a potentially highly susceptible bole canker host (Moralejo et al. 2009). Given the wide and 
increasingly recorded host range of P. ramorum, consistent with the very large host ranges for 
generalist Phytophthora species (Hardham 2005), it is expected that many Australian native 77 
plant species may be susceptible to the range of foliar, stem and bole canker diseases caused by 
this pathogen. 
Results of branch wound inoculations of known hosts with P. ramorum have been shown to be 
generally congruent with field observations of ramorum shoot dieback symptoms (Dodd et al. 
2005; Hansen et al. 2005). Likewise, log infection studies for testing susceptibility to 
Phytophthora species are well-established and give a good reflection of potential aggressiveness 
under natural conditions when conducted on fresh, sealed logs (Brasier & Kirk 2001; Hansen et 
al. 2005; Moralejo et al. 2009). Isolations of P. ramorum in Europe have also been made from 
several tree species in the field which were previously identified as potential hosts from 
artificial inoculations (Brasier et al. 2004), highlighting this methodology as a useful way of 
identifying potential hosts before establishment. In the study reported here, detached branch and 
log assays were used to assess the susceptibility of a range of commercially and ecologically 
important Australian native species to P. ramorum. The results of these tests are explored, 
related to concurrent work on foliar susceptibility, and quarantine and management 
recommendations for Australian and international plant biosecurity are discussed. 
 
3.2 Materials and methods 
3.2.1 Experimental design 
Potential branch and bole canker susceptibility of detached branches and logs of native 
Australian plants were determined over the course of 18 experiments between April 2008 and 
September 2009 in Davis, California, USA (Table 3.1). Ten experiments were conducted during 
the “summer” (April – July) and five during the “winter” (November – January) to test branch 
dieback susceptibility. Bole canker susceptibility was tested over three experiments, all during 
the summer (August) of 2009. 78 
Table 3.1 Details of experiments used to test the susceptibility of Australian native plant species 
to branch dieback and bole canker diseases caused by Phytophthora ramorum 
Experiment Year Month
 a Collection  site
 b Season
 c  No. of species
 d 
Branch dieback susceptibility  (66) 
B-01 2008  April  UCD  Summer  8 
B-02 2008  May  SFBG  Summer  7 
B-03 2008  May  SFBG  Summer  6 
B-04 2008  May  SFBG  Summer  11 
B-05 2008  June  UCD  Summer  6 
B-06 2008  June  UCB  Summer  13 
B-07 2008  June  UCSC  Summer  15 
B-08 2008  June  UCSC  Summer  14 
B-09 2008  July  UCSC  Summer  12 
B-10 2008  Nov  UCD  Winter  14 
B-11 2008  Nov  SFBG  Winter  24 
B-12 2008  Dec  UCB  Winter  12 
B-13 2009  Jan  UCSC  Winter  17 
B-14 2009  Jan  UCSC  Winter  23 
B-15 2009  May  UCSC  Summer  4 
Bole canker susceptibility     (6) 
L-01 2009  Aug  UCSC  Summer  4 
L-02 2009  Aug  USCS  Summer  2 
L-03 2009  Aug  MPROSD  Summer  2 
a Month experiment was started. 
b MPROSD = Midpeninsula Regional Open Space District; SFBG = San Francisco Botanical 
Garden and Strybing Arboretum; UCB = University of California (UC) Berkeley Gardens; UCD 
= UC Davis Arboretum; UCSC = UC Santa Cruz Arboretum. 
c April to August = Summer, November to February = Winter. 
d Total number of host species in brackets for all experiments for branch or log susceptibility. 
Species were replicated over seasons and some with multiple individual plants tested per 
species. Positive control species Rhododendron cv. Colonel Coen was included in all branch 
susceptibility experiments and Umbellularia californica was included in experiment B-15. 
Notholithocarpus densiflorus was included as a positive control species for log susceptibility 
experiments in L-03. 
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3.2.2 Isolate and inoculum production 
Isolate Pr-510 (Rizzo Lab collection) of the NA2 lineage (see Grünwald et al. 2009 for further 
detail regarding details and nomenclature of P. ramorum lineages), isolated from Rhododendron 
roots from a nursery in Sacramento County in 2006, was used in all experiments (Table 3.2). It 
was shown to be highly pathogenic on the leaves of U. californica (California bay laurel) and R. 
cv. Colonel Coen and fast growing on both one-third-strength clarified V8 juice agar (1/3 V8; 
Campbell Soup Company; 66 ml of clarified V8 juice and 17 g of agar L
-1) and the 
Phytophthora-selective, pimaricin-ampicillin-rifampicin-pentachloronitrobenzene agar (PARP) 
(Jeffers & Martin 1986) when compared with other isolates, including the commonly used 
isolate Pr-52 (Hüberli et al. 2008) (Appendix A). The isolate was passaged at the start of each 
season through detached R. cv. Colonel Coen leaves to maintain pathogenicity and maintained 
on PARP (Erwin & Ribeiro 1996). This isolate was also used in a concurrent study of foliar 
susceptibility and sporulation potential (Chapter 2). Inoculum was cultured on 1/3 V8 agar at 
20ºC in the dark and inoculum discs cut with a sterile cork borer from the margin of a 10 day 
old culture. 
Six additional isolates of P. ramorum were used in the log experiments, one additional NA2, 
four NA1 and one EU1 lineage, all sourced from the University of California (UC) Davis, Rizzo 
Lab Collection (Table 3.2). Isolates were selected to represent a range of hosts and 
environments that P. ramorum has been isolated from in Northern California in order to 
potentially capture differences in pathogenicity related to the ecology and provenance of the 
isolate. All cultures were maintained as described previously, except that Pr-52 (CBS 110537; 
ATCC MYC-2436), Pr-155, Pr-461 and Pr-487 and P. cinnamomi isolate, P-541 (A. menziesii, 
Santa Cruz, CA; Rizzo Lab Collection) were not passaged through Rhododendron leaves due to 
time restrictions. Phytophthora cinnamomi, a known root-rot and canker pathogen of oak trees 
and many Australian native plants (Hardham 2005), was included in the study for comparative 
purposes to assess the aggressiveness of P. ramorum isolates. 80 
3.2.3 Branch dieback experiments 
Sixty-six Australian native plant species within 22 families and 40 genera were sourced from 
mature healthy plants in established gardens and arboreta in Northern California: San Francisco 
Strybing Arboretum, University of California (UC) Davis Arboretum, UC Berkeley Botanical 
Garden and UC Santa Cruz Arboretum. Species were selected from areas considered to have 
climates suitable for P. ramorum survival in Australia. This was based on observations of 
suitable climate for the pathogen in the USA and Europe and a preliminary CLIMEX (Sutherst 
& Maywald 1985) model developed by E.A. Pinkard and I.W. Smith (CSIRO Hobart and 
University of Melbourne, Australia, personal communication) based on the parameters 
published by Venette and Cohen (2006), as well as for the plant species ecological and 
economic importance to Australian plant industries. Experimental replication was limited by the 
number of individual plants kept in the botanical collections. Individuals of a species were 
duplicated where possible from different locations or accessions, to give a total of 128 
individual Australian plants tested. Four to twenty-four hosts were tested in any one experiment 
based on collection from common locations and ease of management (Table 3.1). Four branches 
of each individual plant were inoculated in the “summer” studies and ten branches in the 
“winter” studies. The known susceptible host R. cv. Colonel Coen (kept in controlled 
environment facilities and greenhouses at UC Davis) was used as a positive control species in 
all experiments to confirm the pathogenicity of P. ramorum. Likewise, U. californica (sourced 
from a private garden in Davis, California), was included in one experiment (B-15; Table 3.1) as 
an additional positive control species. 
Branches were collected two days before they were inoculated and the cut bases kept in 
deionised water. Before inoculation, branches of approximately 2 to 10 mm in diameter 
(depending on the species, e.g. smaller diameter branches were used for H. violaceae, which has 
narrow twining vines, and Leptospermum species which have small branches) were stripped of 
excess leaves, trimmed to 20 to 30 cm in height and kept in glass flasks of sterile deionised 
water sealed with Parafilm (Pechiney Plastic Packaging) to reduce evaporation for the duration 81 
of the experiment. Young branches with green bark were tested for Eucalyptus leucoxylon, E. 
sideroxylon and P. undulatum during “winter” experiments.  
Plants from the UC Santa Cruz Arboretum were visually inspected and treated with insecticide 
before shipping to UC Davis, in accordance with California’s Light Brown Apple Moth (E. 
postvittana) quarantine regulations at the time. Insecticide treatments were made up in water 
with either DiPel (B. thuringiensis; Abbot Laboratories) at 1.6 to 3.9 ml L
-1 of water and Vegol 
(canola oil; Lilly Miller Brands) at 3.9 to 19.5 ml L
-1 or Sunspray Oil (Paraffinic Oil; Sun 
Refining and Marketing Co.) at 6.5 ml L
-1 for the “summer” inoculations, and with Conserve SC 
(Spinosad; Dow Agrosciences LLC) at 1.7 ml L
-1 and Bonide All Seasons Spray Oil (Petroleum 
Oil) at 10 ml L
-1 for the “winter” inoculations. These species were rinsed well with deionised 
water upon arrival in Davis to remove the insecticides. A preliminary test (Appendix B) showed 
that insecticide application did not significantly influence host susceptibility to P. ramorum for 
A. flexuosa, C. ficifolia, E. sideroxylon, E. viminalis and R. cv. Colonel Coen. It was therefore 
assumed that insecticide application did not have a significant effect on plant material of all 
species collected and treated from this site. 
Susceptibility to branch dieback was tested using a detached branch assay adapted from a 
method devised by Hüberli et al. (2008). Using a sterile 32 gauge hypodermic needle a wound 
was created through the bark, approximately 10 cm from the acropetal end of the branch. An 
inoculum disc, 3 mm in diameter, was placed mycelium surface down on the wound and the 
inoculation point carefully wrapped with a layer of Parafilm. One branch from each individual 
plant in each experiment was inoculated with a sterile 1/3 V8 disc as a negative control. Flasks 
with branches were placed randomly into large plastic boxes with transparent lids and sprayed 
down with deionised water to prevent desiccation and maintain humidity. These plastic boxes 
were then transferred to a controlled environment facility (PGR15, 2002; Conviron Controlled 
Environment Ltd) with cyclic regimes of 20 to 25 °C and 16 h photoperiod during “summer” 
and 15 to 20 °C and 12 h photoperiod during “winter”. Chambers were checked regularly 
throughout the experiment and the sides of the boxes were sprayed when necessary with 
deionised water to ensure high humidity. 82 
Ten days after inoculation, the outer bark surrounding the inoculation site was carefully scraped 
off with a scalpel and the entire lesion (if present) exposed. Lesion length and 
presence or absence of branch girdling were recorded. Two to four pieces (4 to 20 mm
2) of 
branch tissue from the margins of the lesions or site of inoculation were plated onto PARP to 
confirm infection by P. ramorum. The reisolation data were used to assign proportions of 
branch infection (presence or absence of infection of the branch) and infection potential 
(number of plated tissue pieces with P. ramorum isolation/total number of plated tissue pieces) 
measures to each species. 
A species reaction to infection was assigned to different categories of susceptibility according to 
the extension of necrosis, modified from classes defined by Kaminski and Wagner (2008). 
Species were considered to be: (i) tolerant to an isolate/species if the mean lesion size did not 
exceed the inoculation point (approximately 2 mm diameter); (ii) of low susceptibility when 
lesion size was greater than 2 mm but less than 15 mm; (iii) moderately susceptible between 15 
and 30 mm; and (iv) highly susceptible above 30 mm lesion length. 
3.2.4 Bole canker experiments 
Six Australian native tree species, A. dealbata, E. denticulata, E. diversicolor, E. globulus, E. 
regnans and E. viminalis, were tested for their susceptibility to bole canker disease caused by P. 
ramorum. The species were selected based upon availability in the field and were collected over 
three experiments in order to be logistically manageable. The known susceptible host N. 
densiflorus was used as a positive control to confirm pathogenicity of P. ramorum. All species 
of Eucalyptus logs were sourced from mature healthy plants from the UC Santa Cruz 
Arboretum. Acacia dealbata and additional E. globulus material were sourced from Mills Creek 
Open Space Preserve, while N. densiflorus logs were sourced from Los Trancos and Monte 
Bello Open Space Preserves in the Midpeninsula Regional Open Space District of the San 
Francisco bay area. To allow for comparability between species in different experiments, E. 
viminalis was included in both experiments conducted on logs from the UC Santa Cruz 
arboretum and E. globulus was collected from both sites. All inoculations were conducted  83 
Table 3.2 Phytophthora ramorum isolates used in log inoculation tests 
Isolate 
a Lineage 
b 
Mating 
type 
Host Location 
Pr-52 NA1  A2  Rhododendron sp.  Nursery, Santa Cruz, CA 
Pr-155 NA1  A2  Notholithocarpus densiflorus 
Woodland, Santa Clara, 
CA 
Pr-461 NA1  A2  Quercus chrysolepis 
Woodland, Humboldt, 
CA 
Pr-487 NA1  A2  Umbellularia californica  Woodland, Sonoma, CA 
Pr-500 NA2  A2  Rhododendron sp. - shoots 
Nursery, Sacramento, 
CA 
Pr-510 NA2  A2  Rhododendron sp. - roots 
Nursery, Sacramento, 
CA 
Pr-514 EU1  A1  Rhododendron sp. - bait leaf  Stream, Humboldt, CA 
a All isolates sourced from the University of California, Davis Rizzo Laboratory collection. 
b NA1 = North American genotype 1; NA2 = North American genotype 2; EU1 = European 
genotype 1. See Grünwald et al. (2009). 
 
within a seven day period to reduce variability between the three experiments. Three to nine 
individual trees of each species were tested, with one to three replicate logs per tree. Logs of 
each individual, 1 to 1.2 m long by 8 to 20 cm diameter, were collected in the morning to early 
afternoon one to two days prior to inoculation. The bottom and top ends of the logs were 
marked and immediately sealed with a water-based wax emulsion sealant (Waxlor, Willamette 
Valley Co.) to retard drying. 
At the beginning of each experiment bark thickness per log and percent bark moisture content 
per tree were recorded. Bark moisture content was calculated by comparing the wet and dry 
weight of five 10 mm diameter plugs of bark from an additional sealed log section. Plugs were 
removed using a cork borer, immediately weighed, dried at 60 °C for 48 h in a drying oven and 
reweighed. 
Log susceptibility studies followed the methods of Brasier and Kirk (2001), with minor 
modifications. A 6 mm diameter hole was punched through the bark to the wood surface using a 84 
sterile cork borer and the bark plug removed. A 6 mm diameter plug from the margin of an 
actively growing colony of P. ramorum, P. cinnamomi, or a plug of 1/3 V8 agar (negative 
control) was then inserted with aerial mycelium face down and the bark plug replaced. One log 
of each species was inoculated directly onto the surface of the bark by gently scraping an area of 
approximately 6 mm diameter to remove dirt and by placing the inoculum plug mycelium side 
down to assess whether infection could occur directly through the bark without wounding. 
Moist cotton wool was placed over the inoculation site and covered with a piece of aluminium 
foil secured by adhesive PVC tape. Nine inoculation points were arranged on the log along three 
transverse lanes separated by approximately 25 cm along the length of the log and each 
inoculation point on the lane by approximately 10 cm (three points at each lane). Each log was 
inoculated one to two days after collection from the field with seven different P. ramorum 
isolates (Table 3.2), one P. cinnamomi isolate as a positive control and one plug of 1/3 V8 agar 
to act as a negative control. Inoculated logs were sprayed with deionised water, placed in clear 
plastic bags to keep moist and placed randomly into large temperature controlled chambers 
(PGR15, 2002; Conviron Controlled Environment Ltd, Canada) set to a continuous 20 °C with a 
16 h photoperiod for 36 to 40 days. 
Logs were destructively sampled by removing the outer bark surrounding each inoculation point 
with a drawknife. Any lesion or stained necrotic area was then quickly outlined with a marker 
pen and traced onto clear plastic sheets. The resulting images were scanned, lesion areas 
calculated using the image analysis software ASSESS v1.01 (APS Press) and lesion length and 
width measurements were made from photocopies of the traced lesions. Two to eight pieces (6 
to 20 mm
2) of woody tissue from lesion margins were plated onto PARP to confirm infection by 
P. ramorum and P. cinnamomi. 
A species reaction to infection by P. ramorum and P. cinnamomi was assigned to different 
categories of susceptibility according to the size of the lesion area, as defined by Moralejo et al. 
(2009). Species were considered to be: (i) tolerant to an isolate/species if the mean lesion area 
did not differ significantly from those in the negative controls; (ii) of low susceptibility when 85 
mean lesion area was significantly larger than those in the negative controls, but below 10 cm
2; 
(iii) moderately susceptible between 10 and 20 cm
2; and (iv) highly susceptible, above 20 cm
2. 
3.2.5 Statistical analysis 
Statistical analysis was performed with SAS software (version 9.1; SAS Publishing). Incidence 
of disease and branch or log infection were analysed using a binomial generalised linear model 
with a logit link. Lesion lengths, width and area were analysed using a log + 0.01 transformation 
and a general linear model. Predictions of the means generated by the models are presented in 
the branch results for all parameters except branch girdling (Table 3.3), while results from the 
bole canker (log) experiments are presented as the raw means ± the standard errors with the 
results of the statistical models due to the small experimental size (Fig. 3.2). Paired t-tests were 
conducted using JMP software (version 8.0, SAS Publishing) to test significance of branch age 
using the t-test for unbalanced variances for individual plants of P. undulatum and balanced 
variances for individual plants of E. leucoxylon and E. sideroxylon. Paired t-tests and the 
Students t-test were used to compare means between lesions formed on logs of E. globulus 
collected from different sites. 
3.3 Results 
3.3.1 Branch susceptibility 
Isopogon formosus and E. denticulata were identified as potentially highly susceptible 
Australian branch dieback hosts, with mean lesion lengths of 51.8 and 42.7 mm, respectively 
(Table 3.3). The positive control species were also highly susceptible, with the greatest mean 
lesion length of 91.8 mm in R. cv. Colonel Coen. Five potentially moderately susceptible branch 
dieback hosts were H. violaceae, E. cneorifolia, N. cunninghamii, E. viminalis and E. 
sideroxylon, with mean lesion lengths ranging from 15.6 to 19.4 mm (Table 3.3). Thirteen 
potentially tolerant Australian host species were identified (Table 3.3) and included Banksia 
attenuata, B. heterophylla, B. marginata, E. haemastoma, E. regnans and P. undulatum. The 86 
Table 3.3 Potential susceptibility of detached branches of Australian plant species inoculated with Phytophthora ramorum (isolate Pr-510), presented in descending 
order of greatest mean lesion length, with levels of branch infection and infection potential as measures of reisolation. 
Susceptibility group and species
 a Plants
 b  Lesion length (mm) 
c Branch  Infection
 d Infection  Potential
 e 
Positive control species    
High Susceptibility (> 30 mm)    
Rhododendron cv. Colonel Coen  (all)  91.8  (16.6 - 508.5) #  all  all^ 
Umbellularia californica  1 (1)  44.2  (21.5 - 91) #  all  all 
Australian species    
High Susceptibility (> 30 mm)    
Isopogon formosus  3 (2)  51.8  (8.9 - 301.1) #  all  0.93 
Eucalyptus denticulata  1 (4)  42.7  (6.3 - 290.4) #  1.00  0.73 
Moderate Susceptibility (15 - 30 mm)    
Hardenbergia violaceae  3 (4)  19.4  (3.1 - 121.6) #  0.90  0.85 
Eucalyptus cneorifolia  1 (1)  18.9  (3 - 119.8) #  0.90  0.90 
Nothofagus cunninghamii  1 (2)  17.6  (2.8 - 111.7) #  all  0.96 
Eucalyptus viminalis  2 (4)  16.4  (2.6 - 102.9) #  all  0.96 
Eucalyptus sideroxylon  2 (4)  15.6  (2.5 - 96.9) #  all  0.97 
Low Susceptibility (2 - 15 mm)     
Acacia dealbata  1 (1)  14.9  (2.1 - 103.4) #  all  0.90 
Eucalyptus diversicolor  1 (3)  13.9  (2 - 94.8) #  all  0.95 
Brachychiton populneus  3 (2)  13.2  (2.4 - 71.1) #  all  all 87 
Eucalyptus pauciflora  3 (2)  12.7  (2.3 - 69.2) #  all  0.99 
Acacia melanoxylon  1 (1)  11.1  (1.6 - 77.1) #  0.76  0.60 
Eucalyptus laeliae  1 (2)  10.1  (1.6 - 63.7) #  0.92  0.89 
Phyllocladus aspleniifolius  1 (2)  10  (1.6 - 61.3) #  all  0.81 
Nothofagus moorei  2 (2)  9.6  (1.6 - 57.9) #  0.98  0.97 
Eucalyptus leucoxylon  4 (2)  9.1  (1.5 - 56.2) #  0.95  0.93 
Corymbia ficifolia  2 (5)  8.5  (1.4 - 50.5) #  0.96  0.85 
Agonis flexuosa  4 (6)  8.4  (1.4 - 50.6) #  0.83  0.76 
Hedycarya angustifolia  1 (2)  8.3  (1.3 - 51.2) #  0.83  0.69 
Eucryphia lucida  3 (2)  7.4  (1.2 - 44.6)  0.89  0.81 
Eucalyptus camaldulensis  2 (2)  6.8  (1 - 44.9) #  0.89  0.78 
Dodonea viscosa  2 (3)  6.5  (1.2 - 35.7) #  all  0.98 
Eucalyptus saligna  1 (2)  6.3  (0.9 - 44)  all  0.88 
Polyscias sambucifolia  2 (1)  6.2  (0.8 - 50.2) #  all  all 
Atherosperma moschatum  1 (2)  5.8  (0.9 - 37)  all  all 
Podocarpus lawrencei  2 (2)  5.6  (0.9 - 34) #  all  all 
Pomaderris apetala  1 (1)  5.4  (0.8 - 34.9)  all  0.96 
Senecio linearifolius  1 (2)  5.4  (1 - 29.5)  all  0.92 
Olearia argophylla  2 (4)  5.1  (0.9 - 29.3) #  0.74  0.64 
Eucalyptus globulus  1 (2)  5  (0.8 - 32.1)  0.93  0.89 
Grevillea synapheae  2 (1)  5  (0.8 - 29.7) #  0.92  0.80 
Isopogon cuneatus  1 (3)  5  (0.8 - 32) #  0.92  0.76 88 
Table 3.3 (Continued) 
Susceptibility group and species
 a Plants
 b  Lesion length (mm) 
c Branch  Infection
 d Infection  Potential
 e 
Australian species (continued)     
Low Susceptibility (2 - 15 mm) (continued)    
Prostanthera lasianthos  2 (4)  5  (0.9 - 27.7)  0.97  0.90 
Melaleuca squamea  2 (1)  4.9  (0.8 - 29.7) #  all  0.96 
Bauera rubioides  2 (1)  4.5  (0.7 - 26.8) #  all  all 
Hakea rostrata  1 (1)  4.2  (0.8 - 22.7) #  0.77  0.66 
Taxandria marginata  1 (1)  4.1  (0.6 - 26)  all  all 
Correa alba  3 (2)  3.9  (0.6 - 24.6)  0.75  0.72 
Correa backhousiana  1 (2)  3.8  (0.6 - 24.9)  all  0.94 
Correa decumbens  2 (4)  3.7  (0.6 - 22.4) #  0.93  0.85 
Tristaniopsis laurina  2 (4)  3.6  (0.6 - 21.7)  0.86  0.77 
Correa reflexa  3 (5)  3.2  (0.5 - 19.2) #  all  all 
  Corymbia maculata  1 (2)  3.1  (0.4 - 21.7)  0.93  0.92 
Leptospermum grandiflorum  2 (1)  3.1  (0.5 - 18.7) #  all  0.98 
Eucalyptus delegatensis  1 (2)  3  (0.5 - 19) #  all  all 
Lagarostrobos franklinii  2 (3)  3  (0.5 - 17.8) #  0.75  0.58 
Acmena smithii  2 (4)  2.9  (0.5 - 17.4)  0.92  0.77 
Correa cv. Ivory Bells  2 (2)  2.9  (0.4 - 19.8) #  0.92  0.92 
Dicksonia antarctica  3 (2)  2.9  (0.5 - 16.3) #  0.81  0.68 89 
Callitris rhomboidea  2 (2)  2.8  (0.5 - 16.9)  0.35  0.23 
Ceratopetalum apetalum  1 (2)  2.7  (0.4 - 17.3)  0.94  0.71 
Leptospermum lanigerum  4 (3)  2.6  (0.5 - 14.4) #  0.95  0.87 
Tasmannia lanceolata  3 (4)  2.3  (0.4 - 12.5)  0.63  0.49 
Tolerant (0 - 2 mm)     
Bursaria spinosa  1 (2)  1.9  (0.3 - 10.3) #  0.85  0.81 
Lomatia myricoides  2 (3)  1.6  (0.3 - 9.5) #  0.54  0.52 
Adenanthos obovatus  2 (1)  1.5  (0.2 - 8.8)  0.84  0.64 
Banksia attenuata  1 (2)  1.3  (0.2 - 8.4)  all  all 
Banksia marginata  5 (6)  1.2  (0.2 - 6.5) #  0.99  0.96 
Eucalyptus haemastoma  2 (2)  1.1  (0.2 - 6.5) #  all  0.98 
Eucalyptus regnans  1 (1)  1.1  (0.7 - 1.9) #  all  all 
Leptospermum scoparium  3 (3)  0.8  (0.1 - 4.9) #  0.91  0.85 
Pittosporum undulatum  2 (4)  0.6  (0.1 - 3.4)  0.46  0.33 
Billardiera heterophylla  3 (4)  0.5  (0.1 - 3.5)  0.44  0.40 
Macadamia tetraphylla  1 (1)  0.4  (0.1 - 2.5)  0.86  0.79 
Correa cv. Sister Dawn  1 (1)  0.3  (0 - 2.5)  all  0.94 
Stylidium graminifolium  1 (1)  0  (0 - 0.3)  all  0.87 
a Mean predicted lesion length > 30 mm = high susceptibility, 15 – 30 mm = moderate susceptibility, 2 – 15 mm = low susceptibility, 0 – 2 mm = tolerant. Positive 
control species are known natural hosts of P. ramorum.
  
b The number of individual plants (and experiments) for each species. Four to ten branches of each individual plant of each species were tested for each experiment.90 
Table 3.3 (Continued) 
c Mean (range) predicted lesion length (mm). Range calculated as the addition of the standard 
error, above and below the predicted mean lesion length. Girdling occurred on some branches 
(#). 
d Predicted proportion of branches positively infected with P. ramorum, as confirmed by 
reisolation. 
e Predicted proportion of branch sections that gave positive reisolation of P. ramorum. Non-
estimable prediction with an original mean approaching all branches infected (^).All species in 
the branch susceptibility study became infected with P. ramorum. Analyses of branch infection 
and infection potential were conducted on inoculated material only, as P. ramorum was never 
isolated from any of the control branches.  
 
majority of species were of low susceptibility (46/66), including all of the conifers tested (Table 
3.3). 
Lesion lengths of noninoculated branches rarely exceeded the inoculation point (approximately 
2 mm) and were smaller (P < 0.0001) than the lesions of inoculated branches. Ranges of lesion 
lengths varied widely, particularly for those species in the moderate to high susceptibility 
categories. More than half of the Australian species tested (43/66), and all of the moderate and 
highly susceptible species, had some proportion of girdling among the branches inoculated 
(Table 3.3). Inoculated R. cv. Colonel Coen and U. californica branches were all found to be 
infected and produced consistently large lesions across all experiments, confirming the 
virulence of the isolate (Table 3.3). 
Twenty-eight Australian species and both of the positive control species, in which all branches 
were infected when inoculated with P. ramorum (Table 3.3), were excluded from further 
analyses of branch infection. Likewise, ten Australian species and the positive controls R. cv. 
Colonel Coen and U. californica, in which all plated branch pieces were infected with P. 
ramorum (Table 3.3), were excluded from further analyses of infection potential. Most species 
(61/66) had more than 70 % of their branches infected, with infection potential recoveries above 
60 %. Billardiera heterophylla, C. rhomboidea, L. myricoides, P. undulatum and T. lanceolata 
had less than 65 % of inoculated branches infected. 91 
Lesions formed on young green branches of E. leucoxylon (P = 0.04) and E. sideroxylon (P < 
0.05) were larger than those formed on mature (more woody) branches (Fig. 3.1a). Lesions on 
younger branches of P. undulatum did not differ from those of mature branches (Fig. 3.1a). The 
proportion of branches infected did not differ between branches of different ages for E. 
leucoxylon and E. sideroxylon (Fig. 3.1b). No infection was recorded on young branches of P. 
undulatum, while 80 % of mature branches were infected (P = 0.0002) (Fig. 3.1b). 
Season was not found to significantly affect branch infection, infection potential or length of 
lesions.  
3.3.2 Bole canker susceptibility 
Eucalyptus regnans was ranked as a potentially highly susceptible Australian species to bole 
canker development when inoculated with P. ramorum, with an overall mean lesion area of 55.4 
cm
2 (Table 3.4), and means ranging from 32.8 to 77.1 cm
2 among the isolates tested (P < 0.05) 
(Fig. 3.2). Eucalyptus denticulata was identified as a potentially low susceptibility bole canker 
host overall with a mean lesion area of 9.6 cm
2 (Table 3.4), and mean lesion areas ranging from 
5.2 to 14.8.cm
2 among the P. ramorum isolates tested (Fig. 3.2). Lesions caused by different P. 
ramorum isolates on E. denticulata fell into two groups of low and moderate susceptibility (P < 
0.05). Those isolates which formed larger lesions on E. denticulata, Pr-487, Pr-500, Pr-510 and 
Pr-514, were not different to lesions areas associated with inoculations of the P. cinnamomi 
isolate included in the study (Fig. 3.2). Acacia dealbata (overall mean 5.5 cm
2, 4.9 to 6.1 cm
2 
among isolates) and E. globulus (overall mean 6.8 cm
2, 3.8 to 8.8 cm
2 among isolates) were 
identified as being of potentially low susceptibility (Table 3.4; Fig. 3.2). 
Eucalyptus diversicolor and E. viminalis were identified as potentially tolerant species, as the 
lesions which developed when inoculated with P. ramorum were not significantly different to 
the negative control inoculation (Fig. 3.2). Notholithocarpus densiflorus was ranked as highly 
susceptible, with an overall mean lesion area of 59 cm
2 and mean lesion areas ranging from 
25.95 to 84.9 cm
2, confirming the virulence of the isolates (Table 3.4; Fig. 3.2). 
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Figure 3.1 Effect of branch age on susceptibility of Eucalyptus leucoxylon, E. sideroxylon and 
Pittosporum undulatum to Phytophthora ramorum as a measure of means ± standard error for 
lesion length (a), and percent of branches infected (b). Less woody juvenile branches (black) are 
compared with mature woody branches (white). Asterixes denote significant statistical 
difference between branch ages, where P ≤ 0.001 (***), P ≤ 0.01 (**) and P ≤ 0.05 (*) 
 
With the exception of E. diversicolor, lesion areas which developed following inoculation with 
the positive control P. cinnamomi isolate were consistently larger (P < 0.0001) than those that 
developed following the negative control inoculations, confirming its virulence (Fig. 3.2). 
Lesion areas of these P. cinnamomi inoculations were approximately 2 to 5 times larger (P < 
0.0001) than any lesions which developed following inoculation by any of the seven P. 
ramorum isolates for E. globulus, E. regnans and E. viminalis and N. densiflorus. Lesion size 
did not differ significantly between P. ramorum isolates and the P. cinnamomi inoculations for 
A. dealbata and E. denticulata (Fig. 3.2). 
Mean lesion lengths and widths after inoculation with P. ramorum isolates followed similar 
trends to that of lesion area for all species (Table 3.4). Among the Australian trees, the greatest 
mean lesion length (15.8 cm) and width (4.6 cm) occurred in E. regnans (Table 3.4). 
All species were able to be infected with P. ramorum (Table 3.4). Infection potential (IP) and 
log infection (LI) were consistently the lowest for the potentially tolerant species E. 
diversicolor, with 20 to 60 % of logs infected and infection potential less than 36 % for all 93 
Table 3.4 Potential susceptibility and infection potential of six Australian tree species to bole canker diseases caused by Phytophthora ramorum 36 to 40 days after 
wound inoculation with seven different isolates in summer (August 2009), presented in descending order of greatest mean lesion area 
Susceptibility group and species
 a Trees 
(logs) 
b 
Mean lesion length 
(cm) 
c 
Mean lesion width 
(cm) 
c 
Mean lesion area 
(cm
2) 
c 
Proportion of logs 
infected 
c,d 
Infection potential 
c, e 
Positive control species                
 High  susceptibility                
  Notholithocarpus densiflorus  6 (7)  14.7  (1 - 37.4)  5.5  (1 - 10.5)  59.0  (4.8 - 249.7)  0.96 (0.86 - 1)  0.84 (0.71 - 1) 
Australian species                
  High susceptibility                
  Eucalyptus regnans  3 (10)  15.8  (1.8 - 30.4)  4.6  (1.2 - 14)  55.4  (1.2 - 199.3)  0.84 (0.40 - 1)  0.63 (0.28 - 0.80) 
  Low susceptibility                
  Eucalyptus denticulata  4 (13)  5.8  (1.1 - 14.8)  2.3  (0.8 - 5.5)  9.6  (0.8 - 41.7)  0.80 (0.67 - 0.92)  0.49 (0.26 - 0.65) 
  Eucalyptus globulus ^  9 (14)  4.8  (0.8 - 15.7)  1.7  (0.8 - 4.6)  6.8  (0.4 - 38.9)  0.87 (0.71 - 1)  0.55 (0.26 - 0.65) 
  Acacia dealbata  9 (10)  5.8  (2.9 - 16.6)  1.3  (1 - 2)  5.5  (2.2 - 15.9)  0.89 (0.70 - 1)  0.59 (0.45 - 0.80) 
 Tolerant                
  Eucalyptus viminalis  9 (12)  4.5  (1.3 - 13.8)  1.7  (1 - 5.9)  4.8  (1.1 - 21.7)  0.82 (0.58 - 0.92)  0.54 (0.39 - 0.69) 
  Eucalyptus diversicolor  3 (10)  3.2  (1.1 - 8.5)  1.7  (1 - 5.7)  3.7  (1.0 - 12.3)  0.46 (0.20 - 0.60)  0.27 (0.10 - 0.35) 
a Tolerant species = no significant difference in mean lesion area from negative control inoculations. Where lesion area is significantly different (P ≤ 0.05) to 
negative control inoculations and mean lesion area ≥ 20 cm
2 = high susceptibility; ≥ 10 cm
2 to < 20 cm
2 = moderate susceptibility; and < 10 cm
2 = low susceptibility. 
Positive control species is a known natural host of P. ramorum. Composite data of logs collected from two different locations (^). 94 
Table 3.4 (Continued) 
b The number of individual trees (log replications) for each species. Each log was inoculated 
with seven Phytophthora ramorum isolates, one P. cinnamomi isolate and a negative control 
agar plug. Trees were inoculated over three experiments. 
c Mean (range). 
d The proportion of logs infected with P. ramorum. 
e The proportion of reisolation of P. ramorum as a measure of the number of isolated tissue 
pieces with P. ramorum/the total number of tissue pieces plated for reisolation. 
 
isolates tested (Table 3.4). Phytophthora ramorum was more readily reisolated (infection 
potential, IP) and more readily infected (log infection, LI) from all of the other Australian 
species. Between 40 to 100 % of logs were infected and pathogen recovery between 26 to 80 % 
for A. dealbata, E. denticulata, E. globulus, E. regnans and E. viminalis (Table 3.4). 
Notholithocarpus densiflorus on the other hand had consistently high levels of infection 
potential (71 to 100 %) and log infection (> 85 %) (Table 3.4).There were no significant 
differences for all of the parameters between sites for E. globulus and isolates and isolates by 
species interactions for all of the species tested (data not shown). 
No correlations between bark thickness or bark moisture content and lesion area, length, width 
or infection potential were found. The thinnest bark was in A. dealbata (1.6 to 3.5 mm), 
followed by N. densiflorus (3.1 to 14.5 mm), E. regnans (3.6 to 4.6 mm), E. globulus (3.8 to 9.3 
mm), E. diversicolor (4 to 11 mm), E. viminalis (4.9 to 12.0 mm) and E. denticulata (5.3 to 11.3 
mm). The positive control species N. densiflorus had the greatest bark moisture content (7 to 
28.7 %), followed by E. globulus (10.3 to 26.1 %), E. viminalis (12.8 to 23.8 %), E. denticulata 
(16.3 to 18 %), E. diversicolor (14.6 to 17.2 %), E. regnans (9.1 to 11.6 %) and A. dealbata (4.6 
to 11.3 %). 
All species were capable of being infected by both P. ramorum and P. cinnamomi during the 
nonwounded log inoculations, although much smaller lesions were produced on average (data 
not shown). Lesions produced on each log of each species by the isolates of P. ramorum were 
smallest for E. viminalis (0.54 ± 0.22 cm
2), followed by A. dealbata (0.55 ± 0.06 cm
2), E. 
globulus (0.63 ± 0.16 cm
2), E. denticulata (1.63 ± 0.43 cm
2), N. densiflorus (9.38 ± 3.82 cm
2),  95 
 
Figure 3.2 Mean (± SE) lesion area formed on logs 36 to 40 days after inoculation with isolates 
of Phytophthora ramorum (Pr) and P. cinnamomi (Pc) on six native Australian plants (a-f) and 
the positive control species Notholithocarpus densiflorus (g). C = control. Lesion areas assigned 
with different letters are significantly (P ≤ 0.05) different. 96 
E. diversicolor (11.24 ± 2.97 cm
2) and E. regnans (34.51 ± 4.81 cm
2). The lesions produced on 
E. diversicolor by P. ramorum isolates when nonwounded may not be associated with P. 
ramorum infection given that only one of the seven isolates (Pr-155) was reisolated from the log 
at a 25 % recovery rate (IP). Every isolate of P. ramorum was reisolated from E. regnans and A. 
dealbata, two out of seven from E. viminalis and five out of seven for N. densiflorus. 
Independent isolate data were not recovered for E. denticulata and E. globulus. 
3.4 Discussion 
This study showed that branch dieback and bole canker lesion development caused by infection 
by P. ramorum may occur on Australian plant species. Potentially highly susceptible ramorum 
shoot dieback hosts were identified as I. formosus and E. denticulata, while E. cneorifolia, E. 
sideroxylon, E. viminalis, H. violaceae and N. cunninghamii were identified as being of 
potentially moderate susceptibility. Eucalyptus regnans was the only Australian species tested 
in this study which was identified as a potentially highly susceptible bole canker host, with 
lesions similar to those produced on the highly susceptible tanoak. 
As with foliar studies of these same species (Chapter 2), in the current study the majority of 
species were of low susceptibility and potentially tolerant species were identified. Isopogon 
formosus has been identified as both a highly susceptible foliar and branch dieback host 
(Chapters 2 and 3). On the other hand, E. regnans, while identified as highly susceptible in 
foliar (Chapter 2) and log experiments with P. ramorum, was not highly susceptible to branch 
dieback infections. This demonstrates the range of susceptibility of hosts to the different 
diseases caused by P. ramorum in the field. Some species such as tanoak are known to support 
all three types of diseases, while California bay laurel is almost exclusively a foliar host and 
coast live oak almost exclusively a bole canker host (Davidson et al. 2003). 
This study confirms the susceptibility of A. melanoxylon and L. scoparium to ramorum branch 
dieback (Hüberli et al. 2008). Lesions recorded by Hüberli et al. (2008) were larger for both of 
these species and E. globulus. While a greater success of pathogen reisolation was recorded in 
this study for L. scoparium and E. globulus, the reisolation of P. ramorum from symptomatic 97 
tissue of A. melanoxylon was less successful. Girdling, previously not observed by Hüberli et al. 
(2008), was observed for branches of A. melanoxylon and L. scoparium in this study. Girdling is 
considered to be epidemiologically important as this symptom can lead to entire branch tip 
mortality as vascular tissues are completely occluded and no water or nutrient flow can occur. 
While susceptibility classes were predicted based on the lesion length response of a species 
following inoculation, as has been employed by other authors (Kaminski & Wagner 2008), 
presence of girdling was also found to be indicative of potential susceptibility classes. All of 
those species classified as moderate to highly susceptible branch dieback hosts in this study had 
high levels of branch girdling. Levels of girdling increased from the moderately (> 30 %) to the 
highly (> 55 %) susceptible Australian species, with the positive control species recording the 
highest levels of girdling (> 94 %). Only four of the low susceptibility hosts had girdling of 
more than 39 % of branches (E. pauciflora, A. flexuosa, B. rubioides and H. rostrata), while the 
majority only had girdling levels between 3 to 27 % (25/46). Approximately half of the species 
classified as tolerant had no girdling and the majority of those species which did, had low levels 
(4 to 11 %). However, the tolerant species E. regnans had a 40 % presence of girdling of 
inoculated branches and 100 % reisolation of P. ramorum. Given the epidemiological 
importance of girdling it is recommended that species with greater than 50 % of presence of 
branch girdling be elevated to high susceptibility classes, while those with 30 % to 50 % levels 
of branch girdling be elevated to moderate susceptibility classes. Under this classification 
system E. pauciflora, A. flexuosa, B. rubioides, H. rostrata and E. regnans were considered to 
be moderately susceptible ramorum branch dieback hosts. 
The present study revealed that the living inner bark (phloem) of E. regnans is highly 
susceptible to P. ramorum. These lesion sizes were comparable to those recorded for the highly 
susceptible N. densiflorus both in this study and in a separate study by Hansen et al. (2005), and 
comparable to mean lesion sizes reported by Brasier et al. (2006b) on the highly susceptible F. 
sylvatica. Lesion widths were also comparable between N. densiflorus and E. regnans in this 
study. Epidemiologically, wider lesions suggest a higher risk for branch girdling and subsequent 
tree mortality to occur (Moralejo et al. 2009). Because lesion sizes on E. regnans were 98 
comparable to those of N. densiflorus and F. sylvatica, two of the most susceptible natural hosts 
of P. ramorum, it is thought that lethal bole cankers may develop on E. regnans if trunks were 
to become infected. Should P. ramorum establish in Australia such infection may occur via 
putative sporulating hosts such as E. viminalis and N. cunninghamii (Chapter 2), which co-occur 
with E. regnans in natural forests of south-eastern Victoria (Boland et al. 2006) and are native 
to areas which have been identified as having climatic conditions conducive to P. ramorum 
growth and survival (Chapter 4). 
Only one other Australian species, E. dalrympleana, has been confirmed as a potential bole 
canker host for P. ramorum (Moralejo et al. 2009). Mean lesion area and range of lesion areas 
recorded by Moralejo et al. (2009) for E. dalrympleana are comparable to lesion sizes found for 
E. regnans in this study. All of the other Eucalyptus species that were tested in this study, 
including the global plantation species E. globulus, were predicted to be of low susceptibility or 
potentially tolerant to bole canker infections of P. ramorum. It is important to note that 
differences in E. globulus susceptibility, particularly in regards to infection potential, have been 
found between branch and foliar susceptibility studies on detached material (Chapter 2) (Hüberli 
et al. 2008). Larger than expected lesions following inoculation with P. cinnamomi on E. 
regnans were also recorded in this study. This confirms known susceptibility of this species to 
P. cinnamomi in Australia when grown offsite (Harris et al. 1983) and adds to the confidence of 
the method to provide accurate susceptibility data. Variation in susceptibility of provenances of 
E. regnans to P. cinnamomi has been observed in Victoria (Harris et al. 1983), with higher rates 
and severity of disease occurring when planted outside of their natural range on potentially less 
suppressive soils and in conducive climates (Weste & Marks 1987). 
Green, juvenile branches of Eucalyptus leucoxylon and E. sideroxylon were also shown to be 
considerably more susceptible to P. ramorum infection in this study. On the other hand, lesion 
size did not differ between branches of different ages for P. undulatum and no infection was 
recorded on younger branches, indicating a potential hypersensitive response and potential 
tolerance or resistance to P. ramorum when host tissue is younger. This indicates that the 
phenological condition of the host at the time of transmission of the pathogen may affect its 99 
overall susceptibility, and that this is likely to be variable amongst different species (Dodd et al. 
2008). Therefore, while caution should be taken when extrapolating to a whole species 
susceptibility, the potential for putative tolerant or low susceptibility hosts to be infected under 
different site and climatic conditions should not be discounted. 
The results of susceptibility studies, particularly those conducted on detached plant material, 
need to be treated with caution when extrapolating to field susceptibility. Log inoculation 
methods are well established and are considered to provide a realistic estimate of potential 
susceptibility to P. ramorum (Hansen et al. 2005). However, the method is cumbersome and 
subject to seasonal variability, with greater susceptibility recorded during the summer in 
previous studies (Brasier & Kirk 2001; Hansen et al. 2005; Moralejo et al. 2009). Despite the 
small data set of this study, obtained over the summer, the lesion sizes and the lack of variability 
amongst isolates were similar to the results of previous log inoculation experiments with P. 
ramorum (Hansen et al. 2005; Moralejo et al. 2009) and other Phytophthora species (Brasier & 
Kirk 2001). 
In natural situations zoospores or sporangia (not mycelia) are believed to be responsible for 
infections and must gain entrance through the outer bark (Moralejo et al. 2009). While 
successful infections were observed using non-wounded mycelial inoculations of logs of the 
same log species tested here, these results should be interpreted with caution until they are 
confirmed by whole plant inoculation with zoospores, which is considered to provide the best 
prediction of natural susceptibility to the range of diseases caused by P. ramorum (Hansen et al. 
2005). Nevertheless, these results indicate that those species that did not develop extensive 
necrosis are unlikely to be hosts, given the invasive nature of the inoculation method and the 
ability of the host to prevent its spread under these conditions. 
No interactions between disease severity or infection potential and isolates were found to occur 
among the isolates used in this study, although some species by isolate interactions were 
observed. Studies by Brasier (2003) have indicated that isolates of the A1 mating type (EU1) 
are likely to be more aggressive in log inoculations than those of the A2 mating type (NA1) and 
Hüberli et al. (2011) found isolates originating from Santa Cruz County in California were more 100 
pathogenic on coast live oak seedlings than those which originated in two other counties tested. 
On the other hand, Moralejo et al. (2009) found no differences in aggressiveness among the 
isolates they tested in a similar study, including between different mating types, and no 
significant differences in aggressiveness amongst isolates and mating types have been found in 
foliar studies (Denman et al. 2005c; De Dobbelaere et al. 2010). Similar to this study, Kaminski 
and Wagner (2008) and Denman et al. (2006b) have found preliminary evidence of host species 
by isolate interactions for particular host species, indicating significant differences among 
isolates may occur only on an individual host species basis. Unique differences in growth 
(Grünwald et al. 2009) and sporulation potential (McDonald & Grünwald 2007) have been 
observed among different genotypes of P. ramorum. Therefore, further work into their 
comparative aggressiveness, utilising more isolates under common conditions and with a range 
of hosts, will be crucial when developing adequate quarantine regulations. 
Multiple parameters of disease must be considered when attempting to determine the overall 
susceptibility of a given species to P. ramorum. I believe infection potential to be more 
appropriate for assessing potential susceptibility of logs in particular, as the parameter allows 
one to potentially assess how readily P. ramorum can be reisolated from infected material and 
in doing so may indicate hosts with more hostile tissues to P. ramorum when not readily 
reisolated. To support this, it was consistently found that species found in this study to be of 
lower susceptibility also had lower levels of infection potential, while overall log infection did 
not vary as greatly. Likewise, Moralejo et al. (2009) noticed that colonies that formed on 
selective agar from tissue derived from small lesion areas were inhibited, while those from 
larger lesions were usually more diffuse and grew faster. This was also observed for less 
susceptible species in foliar susceptibility studies of Australian species (Chapter 2). 
This study has clearly shown that Australian plant species from a range of families and genera 
are potentially susceptible to ramorum branch dieback and sudden oak death diseases caused by 
P. ramorum. Transmission of P. ramorum from identified foliar sporulating hosts (Chapter 2) 
onto these potential branch and bole canker hosts could, in a disease conducive environment, 101 
result in altered ecosystem structure and dynamics, biodiversity loss and serious economic 
losses in global forest and horticulture industries which utilise susceptible Australian species. 
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4. COMBINING INFERENTIAL AND DEDUCTIVE 
APPROACHES TO ESTIMATE THE POTENTIAL 
GEOGRAPHIC RANGE OF PHYTOPHTHORA 
RAMORUM 
4.1 Introduction 
While the geographic centre of origin for P. ramorum remains unknown, both molecular and 
biological evidence suggest that it is exotic to both North America and Europe. Phytophthora 
ramorum populations in Europe and North America are dominated by different mating types 
(Werres & Kaminski 2005) and significant genotypic and phenotypic differences exist between 
these populations (Brasier 2003; Ivors et al. 2006; Grünwald et al. 2009; Elliott et al. 2011). 
Although the disease emerged around the same time in the early to mid-1990s, in nurseries in 
Europe and woodlands in California, molecular evidence suggests these lineages diverged at 
least 150,000 years ago and are most probably independent introductions from its native range 
(Goss et al. 2009a). The current geographical range of the pathogen in North American native 
vegetation ecosystems extends over 850 km from south of Big Sur, California to Curry County 
in Southwest Oregon (University of California Geospatial Innovation Facility 2010). The 
pathogen has also been recorded in streams as far north as King County in Washington state on 
the west coast of the USA and associated with streams with inlet water from nurseries in 
Alabama, Georgia, Florida, Mississippi and North Carolina (COMTF 2010). In Europe, natural 
outbreaks have largely been limited to southern England and south Wales in the UK (Brasier & 
Webber 2010), with smaller outbreaks in public greens and woodlands of Belgium, Denmark, 
France, Germany, Ireland, Luxembourg, the Netherlands, Norway, Slovenia, Spain and 
Switzerland (Sansford et al. 2009). Infected nursery stock has been detected in 22 European 
countries, Canada and in numerous states in the USA where it is mainly found in the Pacific 
Northwest states of Washington, Oregon and California (Sansford et al. 2009; Tsopelas et al. 
2011). 
Movement of nursery stock has been highlighted as the primary factor spreading the pathogen 
both within the USA and globally (Brasier 2008). This is of particular concern given that the 104 
geographic centre of origin for P. ramorum remains unknown, the trade in plants for planting 
continues to grow (Dehnen-Schmutz et al. 2010) and governments rely on knowledge of the 
distribution of unwanted invasive alien organisms to ensure the application of effective 
quarantine regulations. 
In order to justify both phytosanitary measures associated with international trade and domestic 
biosecurity actions aimed at slowing or preventing the spread of an established pest, under the 
International Standards for Phytosanitary Measures (ISPM), it is necessary to estimate the 
endangered area and the value of the impacts that might arise if the pest spreads throughout that 
range (FAO 2006). Past models have employed a range of approaches and techniques to answer 
questions related to the probability and consequences of an invasion of P. ramorum. Techniques 
applied include niche modelling using programmes such as CLIMEX (Venette & Cohen 2006) 
and GARP (Kluza et al. 2007), as well as fine-scale tactical models and maps to address 
immediate management issues using support vector machines (Guo et al. 2005) and rule-based 
expert elicitation approaches incorporating both climatic and host data (USDA 2004; Magarey 
et al. 2007). Despite the importance of understanding the potential geographic range of P. 
ramorum, most studies have modelled its potential effects and spread where it already exists in 
the United States and Europe (Kelly & Meentemeyer 2002; Meentemeyer et al. 2004; Guo et al. 
2005; Venette & Cohen 2006; Guo et al. 2007; Sansford et al. 2009; Václavík & Meentemeyer 
2009; Václavik et al. 2010). Only two models have explored the potential for disease outbreaks 
globally (Kluza et al. 2007; Magarey et al. 2007), and neither of these approaches addressed the 
question of the endagered area in terms of the ISPMs. 
While the various geographical models of P. ramorum were developed with the best available 
information at the time, many have failed to produce robust pest risk maps due to either a lack 
of suitable information to feed into the model or the incorrect application or interpretation of a 
particular modelling approach for modelling an emerging infectious disease. Distribution data 
used to inform models such as Guo et al. (2005) and Kluza et al. (2007) remain incomplete, as it 
is likely that the pathogen has not filled its ecological niche in its invaded range. In basing their 
projections on the known Californian distribution data at the time, these are tactical models, 105 
effectively describing the invaded environment at that point in time, rather than the potential 
distribution of the pathogen. As a result, both of these models face challenges to the 
extrapolation of their outputs beyond that point in time and beyond the locations they are based 
upon. 
On the other hand, CLIMEX (Venette & Cohen 2006) and NAPPFAST (Magarey et al. 2007) 
are software packages designed to deal with the piecemeal nature of information regarding 
invasive species. Both are capable of handling knowledge of an organism’s response to 
environmental variables, particularly climatic data, gleaned from direct observations or inferred 
from phenological observations. Both models can use information regarding the species’ 
potential to grow as a function of climatic factors to estimate the potential for the species to 
grow at any site for which suitable climatic data are available. Where NAPPFAST has a more 
detailed treatment of the potential for infection, CLIMEX is also able to use distribution data or 
experimental data to assess the potential for the species to survive inclement seasonal 
conditions. CLIMEX has been used previously to model potential distribution and relative 
disease risk of important plant pathogens on both continental (Pinkard et al. 2010; Scherm & 
Yang 1999; Venette & Cohen 2006) and global scales (Watt et al. 2009; Yonow et al. 2004). 
Both the Venette and Cohen (2006) CLIMEX model and Magarey et al. (2007) NAPPFAST 
models were based on the best ecophysiological data available at the time to define their 
parameters. The CLIMEX model was built using some parameter values for a congeneric 
species, P. cinnamomi, which is understood to be adapted to warmer climates than P. ramorum 
(Hardham 2005), to define soil moisture and stress parameters for P. ramorum. Whilst 
informative at that time, laboratory and field-based studies have since revealed more 
information about the ecological and climatic factors necessary for the infection, transmission 
and persistence of P. ramorum (Werres et al. 2001; Englander et al. 2006; Fichtner et al. 2007; 
Tjosvold et al. 2008; Tooley et al. 2008; Fichtner et al. 2009). This new knowledge can now be 
used to inform an improved niche model specific to P. ramorum, and hence improve the 
understanding of the geographic risks posed by this organism. 106 
The objective of this study was to estimate the global climate suitability patterns for the 
establishment of P. ramorum by developing a climatic niche model using the Compare 
Locations model in CLIMEX (Sutherst & Maywald 1985; Sutherst et al. 2007). Parameters 
were defined using revised growth and stress parameters for P. ramorum, based on the best 
available laboratory-based ecophysiological observations and site-level phenological factors of 
transmission and disease persistence associated with climate data from the field. Independent 
distribution data from California and Norway were used to validate the model. Exploratory 
analysis of the potential different ranges of the main European (EU1) and North American 
(NA1) genotypes based on differing maximum temperature growth requirements was also 
conducted. The results of the model and the exploratory analysis are discussed and related to 
quarantine and management implications for international plant biosecurity. 
4.2 Materials and Methods 
The Compare Locations function in CLIMEX 3.0 (Sutherst et al. 2007) was used to develop a 
simulation model to estimate the climate suitability for the establishment of P. ramorum 
populations. Long-term average climate data (1961 - 1990) derived from the World 
Meteorological Organisation (WMO) database are stored as monthly means and interpolated 
down to weekly values for use in CLIMEX. To make better use of the available geographic 
information, we used the CliMond 10’ interpolated climate surface (Kriticos et al. 2011).  
The Compare Locations function in CLIMEX calculates an annual index of climatic suitability, 
the Ecoclimatic Index (EI), which reflects the combined potential for population growth during 
favourable periods and persistence during stressful periods (Equation 1). The annual growth 
index (GIA) describes the potential for growth of the host and pathogen as a function of average 
weekly (52 weeks per year) soil moisture (Moisture Index; MI) and temperature (Temperature 
Index; TI) during favourable conditions (Equation 2; Table 4.1; Weekly Thermo-hydrological 
Growth Index, TGIWi = TI x MI). Stress indices describing cold (CS), wet (WS), hot (HS), and 
dry (DS) (Table 4.1) and their interactions with one another can be used to describe the 
population response to climatically unfavourable conditions. The individual components of 107 
stress are combined into a stress index (SI) and a stress interaction index (SX) (Equations 3 and 
4; CDX = Cold-Dry Stress, CWX = Cold-Wet Stress, HDX = Hot-Dry Stress and HWX = Hot-
Wet Stress)(Sutherst et al. 2007).  
EI = GIA  SI  SX  [1] 
GIA  =  52 / 100
52
1 
 i
Wi TGI  [2] 
SI = (1-CS/100)(1-DS/100)(1-HS/100)(1-WS/100)  [3] 
SX = (1-CDX/100)(1-CWX/100)(1-HDX/100)(1-HWX/100)  [4] 
The EI ranges from 0 for locations at which the species is not able to persist to 100 at locations 
that are optimal for the species year round. EI was classified into marginal (EI = 1–5), 
moderately favourable (EI = 6–25) and highly favourable (EI > 25) categories in this study, as 
described by Kriticos et al. (2003). Phenological observations, relevant laboratory and field-
based biological information were used to inform the selection of relevant parameters for 
growth and stress of P. ramorum (Table 4.1). The stress indices were fitted in such a way as to 
conform to the guidance of Kriticos et al. (2005), so that the stresses and growth should not 
occur at the same time and hence the thresholds for stresses occur outside the limits for growth. 
4.2.1 Temperature index 
Temperature parameters were estimated from laboratory studies of the pathogen in vitro 
(Werres et al. 2001; Brasier et al. 2006a; Englander et al. 2006; Tooley et al. 2008), in vivo 
(Turner et al. 2005; Tooley et al. 2009a), and from field-based studies of natural forest 
infections (Davidson et al. 2005). The lower temperature threshold for growth (DV0) was set to 
0 °C as infection and lesion growth can barely occur at this temperature (Turner et al. 2005), 
and below 0 °C chlamydospore production and germination is impaired (Tooley et al. 2008). 
The lower and upper optimum temperatures for growth (DV1 and DV2) were set at 18 and      
22 °C, respectively, based on in vitro laboratory studies by Werres et al. (2001), Tooley et al. 
(2009b) and Englander et al. (2006) and optimum conditions for sporangia production and 108 
transmission under natural conditions (Davidson et al. 2005). The upper temperature threshold 
for growth (DV3) was set at 30 °C based on the work of Werres et al. (2001) and Brasier et al. 
(2006a). Isolate growth and disease have not been observed above 30 °C (Davidson et al. 2005; 
Brasier et al. 2006a; Tooley et al. 2009a).  
4.2.2 Moisture index 
Moisture parameters not based on soil moisture, such as extended periods of leaf wetness (24 to 
48 hours), high levels of rainfall and extended rainfall have been associated with increased 
disease in the laboratory (Tooley et al. 2009a) and under natural field conditions (Davidson et 
al. 2005). These studies and those by Fichtner et al. (2007) on the effect of soil drying on 
pathogen recovery, were used to infer and refine soil moisture parameter estimates. Extra drying 
of the substrate for the lower limit for growth (SM0), which was set to 0.2, was allowed for 
(expressed as a proportion of soil moisture holding capacity, where 1 = saturation and > 1 
indicates excess moisture, i.e. run-off). The lower soil moisture value for optimal population 
growth (SM1) was taken from Brasier and Scott (1994), as modified by Sutherst et al.(2004) 
and subsequently applied by Venette and Cohen (2006) to P. ramorum. Following iterative 
sensitivity analyses, the upper soil moisture value for optimal population growth (SM3) from 
these models was reduced from 3 to a more realistic value of 2, in order to indicate that wet 
conditions favour P. ramorum transmission and infection. 
4.2.3 Cold stress 
Cold stress parameters were based on the results of recovery of chlamydospores (an asexual 
survival structure) at extreme cold temperatures (Turner et al. 2005; Tooley et al. 2008). Tooley 
et al. (2008) observed reduced recovery of free chlamydospores after exposure to temperatures 
of 0 °C for 24 hours and little or no recovery at -10 °C and -20 °C, while Turner et al. (2005) 
found they were able to survive at -2 °C for up to four hours in the laboratory. Hyphal colonies 
on the other hand have been shown to have no reduction in recovery after exposure to -5 °C for 
24 hours, but reductions at or below -10 °C (Browning et al. 2008). Despite the direct effects of 109 
cold on the pathogen, chlamydospores were able to survive at least one week in infected leaf 
tissue after exposure to a continuous -10 °C, indicating that survival in infected plant tissue is 
clearly a more robust method of pathogen survival during cold periods (Tooley et al. 2008). 
Turner et al. (2005) also found that chlamydospores inside infected leaf tissue were able to 
survive mild winters with minimum temperatures of -9 °C over 16 weeks under field conditions 
in the UK. At least 50 % of chlamydospores survived for 16 weeks in the study by Turner et al. 
(2005), with 80 % chlamydospore survival in leaves buried 5 cm beneath the soil surface. In 
CLIMEX, the threshold cold stress due to damaging cold temperatures (TTCS) was set to begin 
accumulating at -8 °C, at a slow enough rate (THCS =.-0.02 week
-1) to allow for survival for at 
least two months at -10 °C. This accumulation rate was chosen to incorporate survival in the 
coldest location where the pathogen is known to survive winter, in naturally infected nursery 
plants in the south of Finland (A. Rytkőnen, Finnish Forest Research Institute, pers. comm.). 
4.2.4 Heat stress 
Heat stress indices were fitted based on experiments that indicated that isolate growth and 
disease on plant material was impaired at temperatures above 30 °C (Werres et al. 2001; 
Davidson et al. 2005; Brasier et al. 2006a; Tooley et al. 2008; Tooley et al. 2009a). Tooley et 
al. (2008) found that chlamydospores of P. ramorum North American genotypes held in moist 
sand showed a high rate of recovery at 30 °C, but at 35 °C recovery declined steadily with time, 
and over a seven-day period there was no recovery of the pathogen at 40 °C. Likewise, when 
Tooley et al. (2008) tested recovery of P. ramorum from infected Rhododendron tissue they 
found high recoveries at 20 and 30 °C after seven days, but at a constant 35 °C recoveries 
declined within two days, and there was no recovery by four days. Given the results of these 
experiments, heat stress (TTHS) was assumed to begin at 30 °C and to accumulate rapidly 
above this threshold (THHS = 0.05 week
-1) to allow for no recovery at 35 °C after one week. 110 
4.2.5 Dry stress 
Phytophthora ramorum has been shown to be sensitive to drought, as highlighted by studies 
showing that free sporangia and chlamydospores were killed by drying at 30 % relative 
humidity at room temperature for 30 minutes (Davidson et al. 2002) and relative humidity 
below 50 % significantly affected growth and germ tube elongation of zoospores (Turner et al. 
2008). However, sporangia have been recorded to survive up to six hours in moisture free 
conditions (Turner et al. 2005) and studies indicate that the pathogen can survive temperature 
and moisture stresses much more effectively within infected plant tissue (Fichtner et al. 2009). 
Dry stress parameters were altered to begin accumulating below the lower soil moisture 
threshold for growth (SM0 = 0.2). The dry stress accumulation rate (HDS = -0.005 week
-1) was 
selected to reflect the pathogen’s apparent sensitivity to drought.  
4.2.6 Wet stress 
Wet stress (SMWS) was set to occur when the soil moisture exceeds SM3 (2), with a relatively 
low stress accumulation rate (0.002 week
-1). 
4.2.7 Model run and validation 
The model was run on a world-wide scale using the CliMond historical climate data (Kriticos et 
al. 2011). Geographic distribution data from California (Kelly et al. 2004) and Norway 
(Sundheim et al. 2009) were used to validate the model. The location of ten positive waterways 
detected in the 2010 National P. ramorum Early Detection Survey of Forests (COMTF 2010) in 
Alabama, Georgia, Florida, Mississippi, North Carolina and Washington was assessed in 
relation to the risk areas identified by the composite model, as was the location of P. ramorum 
positive sites in Oregon (Kanaskie et al. 2010). 
4.2.8 Exploratory analysis of genotype range differences 
Exploratory analysis of the potential different ranges of the main European (EU1) and North 
American (NA1) genotypes, based on differing maximum temperature growth requirements, 111 
was conducted. The results of Werres et al. (Werres et al. 2001) showed that the majority of 
EU1 isolates tested (9/14) actually had an upper temperature threshold for growth of 
approximately 27 °C, with only two with maximum temperatures similar to those of the North  
 
Table 4.1 CLIMEX parameter values used to model eco-climatic suitability of Phytophthora 
ramorum 
Parameter Description 
Value 
a and Model 
EU1 Composite 
Temperature Index (TI)     
DV0  Lower temperature threshold for growth      0 °C 
DV1  Lower optimum for growth    18 °C 
DV2  Upper optimum for growth    22 °C 
DV3  Upper temperature threshold for growth  27 °C  30 °C 
b 
Moisture Index (MI)     
SM0  Lower soil moisture threshold for growth    0.2 
c 
SM1  Lower optimum for growth    0.7 
c 
SM2  Upper optimum for growth    1.3 
c 
SM3  Upper soil moisture threshold for growth    2.0 
c 
Cold stress (CS)     
TTCS  Temperature threshold for cold stress    -8 °C 
THCS  Cold stress accumulation rate    -0.02 week
-1 
Heat Stress (HS)     
TTHS  Temperature threshold for heat stress    30 °C 
THHS  Heat stress accumulation rate    0.05 week
-1 
Dry Stress (DS)     
SMDS  Soil moisture threshold for dry stress    0.2 
c 
HDS  Dry stress accumulation rate    -0.005 week
-1 
Wet Stress (WS)     
SMWS  Soil moisture threshold for wet stress    2.0 
c 
HWS  Wet stress accumulation rate    0.002 week
-1 
a EU1 are parameter values fitted to data for the European genotype; Composite are parameter 
values fitted to data for both the NA1 (North American genotype) and EU1 genotype data. Only 
values that differ between models are included in the EU1 column.
 
b Value derived from data for the NA1 genotype. 
c Expressed as a proportion of soil moisture holding capacity, where 0 = oven dry and 1 = field 
capacity (saturation). 112 
American (NA1) genotype (Brasier et al. 2006a). Tolerance of higher growth temperatures by 
the NA1 genotype was demonstrated in a study by Brasier et al. (2006a), who showed that 37 % 
of EU1 isolates compared to 80 % of NA1 isolates grew at 30 °C. A model where the upper 
temperature threshold for growth (DV3) was set to 27 °C (EU1 model), with no changes to any 
of the other parameters, was compared to the composite risk model where DV3 was set to 30 °C 
to correspond with the NA1 temperature threshold. No NA1 specific model was developed, as 
no data to differentiate the genotypes on the basis of any other temperature or moisture 
requirements were available. A similar exploratory analysis was also not undertaken for the 
NA2 genotype, specifically, as very little data are available regarding its optimal climatic 
variables {Elliott, 2011 #1821}. Differences between the models were analysed by overlaying 
their map outputs and comparing them with the geographic distribution data used for fitting and 
validation. 
4.3 Results 
4.3.1 Model fit and projections 
The majority of Mediterranean and maritime temperate climates were projected to be favourable 
for P. ramorum and the model indicates that the pathogen could extend into some continental 
climates with warm or cool summers (e.g. in the western USA and south-eastern Canada) as 
well as some sub-tropical climates, such as Virginia and North Carolina in the USA and coastal 
northern New South Wales and southeast Queensland in Australia (Fig. 4.1). The modelled 
climate suitability fits the known occurrences within California and Norway and as might be 
expected for a new invader, extends significantly beyond the known current distribution (Fig. 
4.2). 113 
 
Figure 4.1 Global eco-climatic suitability for Phytophthora ramorum under the 1961-
1990 climate normals, as modelled using CLIMEX 
 
 
Figure 4.2 Known distribution of Phytophthora ramorum in northern California (a) and 
Norway (b) and eco-climatic suitability under the 1961-1990 climate normals, as modelled 
using CLIMEX. 114 
 
Figure 4.3 Known stream positive distributions of Phytophthora ramorum in the eastern USA 
and Washington, and eco-climatic suitability under the 1961-1990 climate normals, as modelled 
using CLIMEX (a) and as generated using a Genetic Algorithm for Rule-set Prediction (GARP) 
based on known Californian occurrences and three ecological datasets by Kluza et al. (2007) 
(b). 
4.3.1.1 North America 
The model suggests that the invasion of P. ramorum in North America is still in its infancy and 
it is presently occupying a small fraction of its available range (Figs 4.2 and 4.3). All known 
places where the pathogen exists in California (Kelly et al. 2004) fell into the moderate to 115 
highly favourable climatic suitability areas (Fig 4.2a), as did the known infestations in Curry 
County, Oregon (Sutton et al. 2009; Kanaskie et al. 2010).  
Coastal areas with a Mediterranean climate along the west coast of the USA, extending into 
coastal areas of British Columbia (Canada), and continental areas of the East Coast, 
encompassing most of the Appalachians and extending into the great Lakes region, appear 
suitable. Stream-associated nursery finds in Alabama, Florida, Mississippi and North Carolina 
fell into areas modelled as climatically unsuitable for persistence due to excessive heat stress 
(Fig. 4.3a; Appendix C, Fig C.3). This does not preclude the species from epidemics in these 
areas, but indicates that populations are unlikely to be able to over-summer there. This is 
apparent in the high GI values (Appendix C, Fig C.1). 
Within Central America and Mexico, areas classified as suitable were located at high elevations 
along the main mountain ranges. Large areas were predicted to not be climatically suitable for 
the establishment and persistence of P. ramorum, primarily due to a lack of adequate moisture 
for growth of mycelia or production of sporangia throughout the continental USA as well as 
being limited by temperature extremes in the far north and in the south toward the equator 
(Appendix C, Figs C.2 – C.5).  
4.3.1.2 Europe 
In Europe, it would appear that approximately half of the climatically favourable countries have 
already been invaded (22/45), though there is still considerable scope for further international 
spread between and within country range expansion (Fig. 4.4). According to the models 
presented here, all known countries in Europe where the pathogen has been noted have regions 
of moderate to highly favourable climate suitability for P. ramorum establishment. In Norway, 
almost all known places where the pathogen exists in parks and private gardens (56/59) and the 
majority (122/137) of locations of infected nursery and garden centres fell into moderate to 
highly favourable climate (Fig. 4.2b). Almost all of Western Europe, apart from some high 
altitude areas in the Swiss Alps and the Carpathian Mountains in Romania (too cold) and 
southern regions of the Iberian Peninsula (too hot) were projected to have moderate to highly  116 
 
Figure 4.4 Known European distribution and eco-climatic suitability for Phytophthora 
ramorum under the 1961-1990 climate normals, as modelled using CLIMEX. 
 
favourable climates for P. ramorum (Fig. 4.4). In Scandinavia, only the most southern coastal 
regions of Norway and Sweden and a small coastal port area of Finland were considered to be 
climatically favourable for the establishment and persistence of P. ramorum under historical 
climates. The Russian Federation and north-eastern regions of Belarus, Estonia, Latvia, 
Lithuania, Albania and Moldova appear to be climatically unsuitable, due primarily to extreme 
cold weather conditions and inadequate soil moisture. 
4.3.1.3 Asia 
Throughout Asia P. ramorum is projected to be primarily restricted to the humid sub-tropics 
(Figs 4.1 and 4.5a), with some areas classed as having a continental climate with warm 
summers projected as favourable in China, i.e. the central south eastern provinces of Yunnan 
and Sichuan, extending west across the Himalayas. Much of northern Asia, including Mongolia, 117 
western China and the Russian Federation appear too cold for P. ramorum (Appendix C, Fig. 
C.2). The Middle East is too hot and dry (Appendix C, Figs C.3 and C.4), and low-lying areas 
within tropical Asia are projected to be unsuitable for P. ramorum due to heat stress (Appendix 
C, Fig. C.3). In contrast, the majority of southern Japan and all of Taiwan was projected to be 
climatically moderate to highly favourable for P. ramorum (Figs 4.1 and 4.5a). 
 
 
Figure 4.5 Predicted potential distribution of Phytophthora ramorum in Eastern Asia as 
modelled using CLIMEX and the composite model parameters of Ireland (Chapter 4) under 
1961-1990 climate normals (a) and as generated using a Genetic Algorithm for Rule-set 
Prediction (GARP) based on known Californian occurrences and three ecological datasets by 
Kluza et al. (2007) (b). 118 
4.3.1.4 South America 
The majority of South America was projected to be unsuitable for P. ramorum (Fig. 4.1). 
Moderate to highly favourable conditions occur at high altitudes in the Andes from northern 
Colombia to northern Argentina, and south of Concepción in Chile. East of the Andes, the only 
region projected to be favourable was within a band on the East Coast, from Rio de Janeiro, 
Brazil to Bahia Blanca in Argentina. 
4.3.1.5 Africa 
Moderate to highly favourable conditions for P. ramorum in Africa were largely restricted to 
elevated sites within Ethiopia, Kenya and along the borders of Uganda, Rwanda, Burundi and 
the Democratic Republic of Congo (Fig. 4.1). The majority of the continent was projected to be 
unsuitable for P. ramorum due to heat or dry stress (Appendix C, Figs C.3 and C.4). Central 
coastal subtropical areas of Angola, coastal subtropical areas of the East Coast and a small 
portion of the Mediterranean region of the Cape region of South Africa were also projected to 
have marginal to highly favourable climatic conditions for P. ramorum (Fig 4.1). The model 
also projected moderate to highly favourable climates for the pathogen in western Madagascar. 
The potential distribution of the pathogen in Africa was primarily restricted by high 
temperatures and arid conditions (Appendix, Figs C.3 and C.4). 
4.3.1.6 Australasia 
In Australia, climatically favourable areas for P. ramorum were confined to the temperate moist 
periphery, predominantly in New South Wales, Victoria, Tasmania and south-west Western 
Australia, with coastal areas of the south east of Queensland and South Australia also projected 
as being favourable (Fig. 4.1). The pathogen was primarily restricted by hot, arid conditions in 
Australia (Appendix C, Figs C.3 and C.4). All of New Zealand was projected to have climates 
either moderate or highly favourable for P. ramorum, including the southern Alps, which extend 
above the tree-line (Fig. 4.1). 119 
 
Figure 4.6 Differences between the climatic suitability (Ecoclimatic Index; EI) envelopes of the 
EU1 model (black bars) and composite (EU1 and NA combined) models (white bars) for the 
potential distribution of Phytophthora ramorum, as modelled using CLIMEX using a 1961-
1990 climate normal. Unsuitable (EI = 0); Marginal (EI = 1-5); Moderate favourability (EI = 6-
25) and High favourability (EI > 25). 120 
4.3.2 Analysis of genotype model differences 
Globally, the area of marginal to highly favourable risk of P. ramorum establishment using the 
composite model was 3.34 % greater than the EU1 model (Fig. 4.6). Regionally the difference 
of the potential ranges between the models was greater in the USA (3.6 %) than in Europe (1.75 
%). However, while no differences were detected in northern and central European countries 
such as Norway, the United Kingdom and the Netherlands, southern European countries showed 
a greater response, with large increases in the range of the pathogen into warmer regions under 
the composite model for Italy (7.14 %), Greece (24.37 %), Portugal (7.69 %) and Spain (12.59 
%). While all places where the pathogen is known to exist occurred in areas modelled as having 
moderate or highly favourable areas in the composite model, 54 of these 2,268 locations (2.3 %) 
fell into unsuitable areas in the EU1 model. The known infestations in Curry County, Oregon 
(Sutton et al. 2009) and the stream positive sites in Washington state and Georgia fell into 
moderate or highly favourable risk areas in both models. 
4.4 Discussion 
The CLIMEX models developed in this paper suggest that P. ramorum is presently occupying a 
small fraction of its available range in both North America and Europe. With continued global 
spread P. ramorum could potentially invade and establish in climatically favourable areas of 
Asia, Australasia, Africa and South America, where it could cause detrimental biodiversity loss 
and severe economic losses in plant industries and natural ecosystems with suitable hosts. 
Exploratory analysis revealed that invasion by the North American (NA1) genotype of P. 
ramorum could result in more expansive spread into warmer regions, than an invasion of the 
European (EU1) genotype alone. 
It has been suggested by both pathologists and modellers that the absence of P. ramorum from 
climatically favourable areas in North America is likely due to lack of historical opportunity, 
rather than intrinsic factors preventing establishment (Meentemeyer et al. 2004; Guo et al. 
2005; Maloney et al. 2005; Kluza et al. 2007; Václavík & Meentemeyer 2009). This hypothesis 
is supported by the model presented here, fuelling the debate surrounding why the pathogen has 121 
not established in the eastern USA. Early detection of the pathogen in horticultural shipments to 
eastern USA, combined with effective quarantine measures on materials in infested areas and 
increased awareness of the disease (Kliejunas 2010), may have resulted in lack of establishment 
of the pathogen in these areas. Conversely, the pathogen may be in a lag phase of invasion in 
these areas or may have entered a state of equilibrium with the ecosystem and may not cause 
disease of epiphytotic proportions (Sakai et al. 2001). It has been suggested that P. ramorum 
may have been present in California for some years before the disease that it caused was noticed 
(Rizzo et al. 2002), so vigilance should be maintained when surveying in the eastern USA and 
maintaining and updating quarantine policies. Further research into this lag phase of P. 
ramorum invasion is crucial to understanding the aetiology of the pathogen’s disease cycle and 
could then be used to inform and formulate better risk models. 
Given that all of the confirmed positive locations in California used to fit the model fell into 
areas that were moderate to highly favourable according to the models presented in this paper, 
as well as all known locations in Curry County, Oregon, where active eradication of the 
pathogen has been taking place (Kanaskie et al. 2008), I would suggest that bordering areas 
identified as being climatically favourable areas are at high risk and that quarantine and 
eradication efforts should be continued and potentially extended in these areas. Similarly, our 
model suggests that native vegetation communities in the Appalachian Mountains, for which 
potentially susceptible species have been identified in laboratory studies (Tooley & Browning 
2009; Tooley & Kyde 2007), are also at risk. Promisingly, the stream associated nursery finds in 
the south-eastern USA fell into areas that experience prolonged periods of temperatures that are 
apparently too hot for P. ramorum (Appendix C, Figure C.3) and may therefore present a 
reduced risk to native ecosystems; unless infected nursery stock growing in a protected 
environment provides a recurrent source of inoculum during periods favourable for infection 
and population growth of P. ramorum. 
While the stream positive detection originating from a nursery in Florida has been associated 
with infected streamside vegetation downstream (COMTF 2010), it is unclear whether this 
represents a microclimate that allows summer temperatures to be moderated sufficiently for 122 
persistence, or whether it is simply an ephemeral population that established between Fall 
(Autumn) and Spring when both the CLIMEX and NAPPFAST (Magarey et al. 2007) models 
indicate that conditions are favourable for population growth. This uncertainty illustrates one of 
the challenges of relying upon laboratory observations under constant temperatures to define 
stress parameters. The stress parameters are generally best-defined by fitting them to geographic 
distribution data using mechanisms that are informed by laboratory experiments or theoretical 
expectations Kriticos and Leriche (2010). Irrespective of the explanation for this apparent 
discrepancy, one would expect that P. ramorum would be unlikely to establish a persistent 
population away from the streamside vegetation in this unsuitably hot region unless a 
favourable microclimate existed. 
The uncertain nature of the P. ramorum populations in these waterways also highlights the 
general lack of knowledge of the ecology of Phytophthora species in waterways. Phytophthora 
species are consistently recovered from streams in many ecosystems, and stream baiting and 
filtration methods are regularly employed to detect P. ramorum in both local and national 
streams across the USA (Murphy et al. 2005; Wamishe et al. 2007; Sutton et al. 2009; COMTF 
2010). Given the results of the models presented here, it is recommended that further studies 
aimed at understanding the ecology of P. ramorum in streams and its ability to spread from 
infected streams to susceptible vegetation are undertaken. 
The Kluza et al. (2007) model differed significantly from both the CLIMEX and NAPPFAST 
model projections for the USA (Fig. 4.3). Similar to these models, it is likely that the model of 
Kluza et al. (2007) suffers from lack of sufficient input data, particularly given that it is unlikely 
that P. ramorum has reached its full expansion in the region upon which the model was based, 
northern California. Using the Kluza et al. (2007) model, vegetation surrounding the associated 
nursery finds would be considered at a much greater risk of P. ramorum invasion. Perhaps the 
lack of P. ramorum detection in this vegetation is indicative of the limited utility of the Kluza et 
al. (2007) model beyond the directly infested areas of northern California. 
In Europe it would appear that approximately half of the climatically favourable countries 
(22/45) have recorded positive nursery finds, but few natural ecosystems, parks or private 123 
gardens have been invaded, leaving considerable scope for further within-country invasion. In 
Norway, which contains some of the most frigid conditions in which the pathogen may be able 
to survive, only 5 % of natural infections in parks and private gardens and 11 % of nurseries and 
garden centres which have been found to have positively infected stock (Sundheim et al. 2009) 
fell into areas modelled as being climatically unsuitable. Within-country invasion of areas 
outside of nurseries has been limited to only 11 European countries (Sansford et al. 2009). This 
may be a function of the pathogen not being spread to susceptible hosts in natural environments, 
or may reflect the favourability of the artificial nursery environment, where temperatures may 
be regulated and plants are regularly watered, providing ideal conditions for the transmission of 
Phytophthora species. This lack of infestation in natural areas or gardens of climatically 
favourable countries may also be due to the lag phase of the pathogen invasion (Sakai et al. 
2001), as it was only discovered in the mid-1990s, and is likely to be at the beginning of its 
invasive spread. Therefore, continued and regular surveys for the pathogen outside the nursery 
environment are recommended in these countries. The recent rapid spread of P. ramorum on L. 
kaempferi and V. myrtillus in the UK highlights the potential for rapid spread elsewhere in  
climatically favourable regions. 
Examination of the stress indices used in the models indicates that the distribution of the 
pathogen is largely restricted by extreme hot and dry conditions in the mid-latitudes, and cold 
stress in the high northern latitudes (Appendix C, Figs C.2 – C.4). Nowhere in the southern 
hemisphere (excluding Antarctica) appears to be too cold for P. ramorum. The models suggest 
that warm summer conditions may not be severe enough to reduce the risk of the pathogen 
establishing and spreading throughout most of the Mediterranean, apart from the islands and 
coastal fringe of the Aegean Sea. 
Moisture, rainfall and days of consecutive rainfall are considered to play a crucial role in the 
development and spread of disease caused by P. ramorum, especially in years of high tree 
mortality, which historically follow very wet springs (Davidson et al. 2005; Davidson et al. 
2011). This hypothesis has been supported by an experimental irrigation nursery study, which 
showed that the highest concentrations of infective propagules occurred when stream sampling 124 
was preceded by about two months with low minimum daily temperatures and by four days of 
high rainfall, indicating that cold wet conditions are highly conducive to disease development 
(Tjosvold et al. 2008). However, persistence and production of chlamydospores in forest and 
nursery soils and leaf litter over the summer contribute to the disease cycle by providing an 
inoculum reserve at the onset of the fall disease cycle (Fichtner et al. 2007; Fichtner et al. 2009; 
Tjosvold et al. 2009), allowing the pathogen to survive otherwise non-conducive conditions for 
growth and survival. In the case of Greece, the model presented suggests that the pathogen 
would be able to survive the hot summer in this manner, contributing to the disease cycle at the 
onset of the rains in the winter, when conditions are ideal for P. ramorum transmission. 
However, should these moist conditions not occur following these initial dry conditions where 
the pathogen can survive, the risk of disease outbreaks and pathogen establishment may be 
negligible. 
Exploratory analysis revealed that the invasion of the North American genotype NA1 
encompassed a greater area of moderate to highly favourable climatic suitability, extending the 
potential range of the pathogen into warmer regions. Research has begun to indicate there are 
potentially many different biological adaptations of the three known genotypes of P. ramorum, 
with different growth rates, colony morphology, sporulation potentials, aggressiveness and 
climatic requirements (Brasier et al. 2006a; McDonald & Grünwald 2007; Grünwald et al. 
2009; Elliott et al. 2011). These results contribute to a body of work (Brasier et al. 2006a; 
McDonald & Grünwald 2007; Grünwald et al. 2009; Elliott et al. 2011) that suggests there may 
be significant benefits to the regulation of biosecurity risks on the basis of P. ramorum 
genotype, rather than on the concept of the species alone. Furthermore, the extension of the 
NA1 genotype into warmer regions indicates that further study into changes of the potential 
range of P. ramorum under the effects of climate change would be valuable. As the pathogen 
becomes more widely established it may also be possible to apply methods of attaching severity 
ratings to the Ecoclimatic Index, as has been demonstrated as an effective modelling tool to plan 
future management in forestry by Pinkard et al. (2010) for Tasmanian E. globulus forests under 
the threat of Mycosphaerella leaf disease. This method also has applicability for understanding 125 
underlying mechanisms of pathogen behaviour and infective potential seasonally and across 
years (Pinkard et al. 2010). 
This study adds to a body of work modelling the potential global distribution of P. ramorum 
(Fowler et al. 2006; Kluza et al. 2007). In particular, the model presented here builds upon the 
previous model developed by Venette and Cohen (2006), who used CLIMEX to assess the 
potential climatic suitability for establishment of P. ramorum within the contiguous United 
States. Stress and soil moisture parameters of the surrogate Phytophthora species, P. cinnamomi 
were replaced with those derived from the published literature on P. ramorum, much of which 
became available after the Venette and Cohen (2006) paper was written. .The modelled 
growth indices of the model presented here and that of Venette and Cohen (2006) are 
remarkably similar (Appendix, Figs C.6c and C.6d), differing mostly in the ability to 
grow under dry conditions (data not shown). There were, however, significant 
differences in the potential range as indicated by the Ecoclimatic Indices (Appendix, 
Figs C.6a and C.6b), with a significantly increased area at risk under the model 
presented here in the west coast states, and also the north eastern states, and a decreased 
risk in the southern (stream positive) states of Mississippi, Alabama and Georgia (Fig. 
4.3; Appendix, Figs C.6a and C.6b). A large part of this disparity likely stemms from them 
not applying stress indices in their final model, which significantly constrained the potentially 
favourable range of the pathogen in the model presented here (Appendix C, Fig. C.6), and this 
comparison highlights the importance of using and updating parameter sets providing the basis 
for models. Pest Risk Modelling has been described as the ‘art of the possible’. Risk models 
should be based on the best knowledge of an organism’s distribution and ecology at the time the 
model is developed, with scope to update and improve the model as new evidence becomes 
available. 
Although the models presented here clearly highlight areas at risk of invasion by P. ramorum it 
should be noted that optimal climatic conditions do not necessarily translate into frequent or 
severe outbreaks. Not only must the pathogen be transported to suitable locations, and a 
susceptible host be present there, it must also be under the influence of local scale microclimatic 126 
and landscape factors that may influence severe outbreaks of the disease. Microclimatic factors 
play a big role in the presence of the disease in Northern California (Meentemeyer et al. 2004), 
and if the EU1 model is the more accurate of the two that are presented then this may explain 
why 2.3 % of the known presences that were used to validate the model in Northern California 
fell into unsuitable areas. Favourable microclimates for pathogen establishment and survival are 
unlikely to be apparent on the CliMond 10’ grid (Kriticos & Leriche 2010). Nevertheless, 
climatic suitability is a necessary condition for any outbreak of the disease and the model 
projections provide a useful indication of potential outbreak severity. Given this, the risk maps 
provided in this chapter could be used to provide guidance on areas to target for the early 
detection and monitoring of the pathogen globally. For example, monitoring efforts in Australia 
could be focused on the large trading ports in Sydney and Melbourne projected to be highly 
favourable areas for P. ramorum establishment and persistence and extra care may be taken 
with shipments from climatically favourable areas outside of the known infested areas, such as 
those from south-central China, Taiwan and the southern islands of Japan. 
Notwithstanding uncertainties about host range, lack of a suitable host implies no risk 
(McKenney et al. 2003). Potential host range studies of species from areas considered to be at 
risk of P. ramorum invasion have indicated that susceptible hosts exist on the east coast of the 
USA, Asia and Australasia (Chapter 2 and 3)(Hüberli et al. 2008; Tooley & Browning 2009; 
Tooley & Kyde 2007). Knowledge of these hosts combined with knowledge of the potential 
geographic distribution is important when concentrating efforts for early detection of the 
pathogen, or when attempting to uncover the origins of invasive species such as P. ramorum. 
The origin of P. ramorum has been hypothesised by many to be in eastern Asia, based upon 
climatic variables (Kluza et al. 2007) and origin of hosts such as Rhododendron (Brasier et al. 
2004). Expeditions to regions of Yunnan Province in China, the centre of diversity for 
Rhododendron species, and Taiwan have not yet recovered P. ramorum (Goheen et al. 2006; 
Vannini et al. 2009). The result of the composite model presented here contrasts very strongly 
with that of Kluza et al. (2007) in eastern Asia (Fig. 4.5). While both models agree that the 
Yunnan province in South-west China is climatically favourable, elsewhere the models disagree 
strongly. Where the model of Kluza et al.(2007) indicates that the warmer humid tropical and 127 
sub-tropical climates are highly favourable for P. ramorum (e.g., Guangdong, Fujian, Zhejiang 
and Jiangxi provinces in China), the model presented in this paper indicates that it has a more 
temperate climatic preference (e.g. Guizhou, Hubei and Hunnan provinces in China). Perhaps 
targeting stream surveys for P. ramorum in the cooler regions of China may be more fruitful. 
Additional regions highlighted by the models, including temperate regions of China, elevated 
Andean locations in central South America and central Chile, the highly biodiverse 
Mediterranean region of the cape of South Africa, coastal Australia and the entirety of New 
Zealand, should be considered at risk of invasion by P. ramorum, or as potential origins of the 
pathogen, particularly where susceptible hosts naturally occur and/or are planted and traded. It 
is hoped the projections from this model will provide useful guidance on areas to target for early 
detection and monitoring of the pathogen, particularly in novel environments. 
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5.  COMMUNICATING PHYTOPHTHORA RAMORUM 
SCIENCE INTO POLITICS AND POLICY: 
IMPLICATIONS FOR INTERNATIONAL PLANT 
BIOSECURITY 
5.1 Introduction 
Science and politics are rarely integrated well with one another. Apparently disparate practical 
and academic fields, they are often approached independently, making their integration into 
effective policy formulation problematic. Scientists frequently engage in research independent 
of particular policy related goals, while politicians may fail to approach the appropriate scientist 
or scientific body for relevant information to inform policy-related decisions (Hoppe 2005). 
This is particularly evident in the case of plant biosecurity, where policies are continually 
challenged by the need to plot a consistent course between the benefits of lowering trade 
barriers and the concomitant increase in risks from the introduction of exotic pests and diseases 
(Old & Dudzinski 1998). 
The International Plant Protection Convention (IPPC), through the Agreement on Sanitary and 
Phytosanitary Measures (SPS) allows countries to enact quarantine measures based on risk 
assessment and scientific justification to allow for an Appropriate Level of Protection (FAO 
1999). Much of the language is highly interpretive, and while the precautionary principle 
governs many decisions where sufficient scientific justification is not yet available, it can also 
be weakened by the strength of international markets and the sensitivities of international 
relations. As a consequence, plant biosecurity efforts can be compromised. Despite the best 
efforts to prevent the introduction of exotic and invasive species into a country, increased 
international trade and rapid human movement have led to an escalation in the spread and 
establishment of these species, including invasive plant pathogens such as P. ramorum (Levine 
& D’Antonio 2002; Ehrenfeld 2005). 
Spread through the international horticultural trade, P. ramorum poses a serious risk to plant 
biosecurity worldwide (Stokstad 2004; Brasier 2008; Some of these biosecurity risks, historical 
and regulatory context of the pathogen were reviewed in Chapter 1). Control of the pathogen 130 
and the diseases it causes has been accomplished primarily by enacting plant quarantine policies 
designed to prevent entry of the pathogen into countries and areas where it is not known to 
exist. Meanwhile, management in natural areas has ranged from containment of the pathogen in 
California to eradication efforts in Oregon and the UK (Brasier et al. 2004; Rizzo et al. 2005), 
engaging at differing levels with local, regional and national agencies (Mai et al. 2006; USDA-
APHIS-PPQ 2007; Alexander & Lee 2010). As a recently discovered invasive plant pathogen, 
much remains to be understood about the biology and aetiology of P. ramorum and the diseases 
it causes. Management and control of P. ramorum offers a unique opportunity to incorporate 
current scientific research into policy objectives. 
Varied policy and management responses by international, regional and local governments, 
along with the valuable intersection of locally initiated management and public pressure to 
manage and contain the pathogen, makes P. ramorum a salient example of the growing need to 
integrate science into policy outcomes and to assess the promise and success of such 
arrangements. The creation and utilisation of meaningful interfaces between science, policy and 
management are crucial to formulating effective policy outcomes that protect plant industries, 
ecosystems, social and cultural interests, while enabling open economies to continue to flourish. 
This chapter endeavours to define and assess different boundary arrangements that have been 
put into place to integrate scientific knowledge into the management and control of P. ramorum 
in Europe and the USA. Recommendations based on the analysis of these boundary 
arrangements and those which hold the most promise to prevent the entry and establishment of 
P. ramorum (and other invasive organisms) globally will then be made. 
5.1.1 Politics and policy for the control of invasive species 
Science, particularly invasive species biology and ecology, operates within an international 
framework dominated by politic; the politics of culture, inter-state relationships and the policy 
making processes. To address problems of a biological or environmental nature, scientists and 
policymakers must endeavour to integrate current scientific knowledge into the existing political 
framework. This involves cultural and operational shifts, addressing deficiencies in the current 131 
institutional frameworks and policies to allow for appropriate arrangements that deliver the best 
available science as quickly as possible to mitigate and reduce the risk of invasive species 
incursions. 
5.1.2 International plant protection landscape 
To understand how research can be effectively integrated into a comprehensive biosecurity 
approach at the policy level it is important to understand the mechanisms in which plant health 
protection operates. Plant health is protected on a number of levels locally, provincially, 
regionally and internationally (Fig. 5.1), few of which harmonise effectively with one another 
(FAO 2003). On a local scale, county or state officials may be responsible for plant health in 
their neighbourhood (e.g. street plantings) or more broadly in agricultural or forestry 
endeavours within a state or county (such as state Departments of Primary Industries (DPIs) in 
Australia, and state organisations abroad such as the California Department of Food and 
Agriculture (CDFA)). These state and local government organisations are part of a national 
plant protection structure for each country. In turn, national organisations such as the United 
States Department of Agriculture Animal and Plant Health Inspection Services (UDSA-APHIS) 
and Department for Environment, Food and Rural Affairs (DEFRA) in the United Kingdom 
(UK), and Biosecurity Australia (BA), report to regional organizations. Regional organisations 
include groups such as the Asia and Pacific Plant Protection Commission (APPPC), European 
and Mediterranean Plant Protection Organisation (EPPO) and the North American Plant 
Protection Organization (NAPPO) (Shine et al. 2005). These national and regional bodies may 
then interact with other institutions such as the European Union (EU) and North American Free 
Trade Agreement (NAFTA), particularly if a pathogen or pest is of economic concern (Shine et 
al. 2005). 
These national and regional organisations work closely with the Food and Agriculture 
Organisation (FAO) under the auspices of the IPPC to protect global plant health and trade. The 
convention is designed to allow countries to protect their industries and natural ecosystems 
against unwanted exotic threats while allowing relatively free trade in live plants and plant  132 
 
Figure 5.1 International plant protection institutions by level of governance, with examples of 
Phytophthora ramorum control and management. Personal and institutional relationships exist 
across all levels. 
 
commodities. Member states and regional organisations work together to define risks and 
produce SPS agreements. States have the right to enact emergency quarantine measures against 
other states when a pest or pathogen risk presents itself. They are then expected to produce 
scientific evidence for continuing to restrict trade if quarantine measures are kept in place (FAO 
1999). 
Within this framework many local and domestic quarantine measures have been established to 
prevent the unwanted spread of P. ramorum. Within Europe the system of ‘plant passporting’ 
has been used to track and to prevent the movement of a variety of host species of P. ramorum 
(Sansford et al. 2009). Meanwhile, local county level quarantine has been imposed by the 133 
Californian and Oregon Departments of Agriculture (CDFA and ODA, respectively) within the 
USA, while regulations are enforced at the national (between individual states) and international 
levels by the individual states where a federal quarantine is not in place (i.e. California, Oregon 
early on in the P. ramorum invasion) and by the USDA-APHIS when a federal quarantine is in 
effect (Cave et al. 2008). Outside of where P. ramorum is known to occur, many restrictions on 
the entry of plants from areas known to have P. ramorum have occurred (Sansford et al. 2009), 
with complete restriction on the host range in many countries. For example, given the 
uncertainties associated with the potential host range of P. ramorum Australia restricts entry of 
any plant genera on the host list (AQIS 2007). 
5.1.3 Integrating science into the international plant protection landscape 
Effective integration of science into policy is a significant challenge for the scientific 
community and a complex task to achieve across the science-politics/policy divide. There is no 
one correct model or methodology to integrate these fields and the interaction between them 
needs to evolve as the scientific knowledge base changes, perhaps shifting to focus on 
developing integrative scientific outcomes rather than purely interesting scientific 
breakthroughs (Howden et al. 2007), which may actually be directly applicable to regulation 
and management goals. While literature exists in the broader fields of agriculture, land-use 
practices and environmental policy on the integration of science into policy outcomes (Howden 
et al. 2007), very little literature exists when it comes to integrating this same research into the 
realm of plant biosecurity. Given this, the structural framework of Sterk et al. (2009), who 
outline five ideotypical ‘boundary arrangements’ between science and policy pertaining to the 
interface between land use systems research and policy (Fig. 5.2), is examined here. This is then 
applied to the example of P. ramorum. 
5.1.4 Boundary arrangements 
‘Boundary arrangements’ describe how participants conceive the division of labour between 
science and policy and thus perform specific ‘boundary work’. ‘Boundary work’ refers to social  134 
 
Figure 5.2 Visualization of five boundary arrangements of science and policy. The arrows 
indicate which sphere is perceived to have relative primacy in terms of control and authority. 
Reprinted with permission of the author (Sterk et al. 2009). 
 
practices, such as frequent and two-way communication, development of rules of conduct and 
establishing criteria for decision making, which maintain communication at the science-policy 
interface (Hoppe 2005; Sterk et al. 2009). These ‘boundary arrangements’ are not fixed and are 
often negotiated and renegotiated between actors, such as concerned land owners, academic and 
extension scientists, policy-makers and politicians over time; they are often ambiguous in nature 135 
and multiple types of arrangements may exist within the one research institute or researcher 
(Sterk et al. 2009). 
‘Boundary arrangements’ exist along a technocratic to decisionist relationship continuum 
(Hoppe 2005). At the technocratic end, science dominates and may displace politics, while at 
the decisionist end representatives of political bodies have the first and last say (Hoppe 2005). 
Sterk et al. (2009) outlines five ideological ‘boundary arrangements’: ‘civil mandate’, ‘trickle 
out’, ‘janus face’, ‘critical participant’ and ‘knowledge broker’ (Fig. 5.2). Of these 
arrangements, ‘trickle out’ and ‘janus face’ are the most technocratic. ‘Knowledge broker’ is 
also technocratic, but leans slightly closer towards the decisionist end of the relationship 
continuum. ‘Critical participant’ and ‘civil mandate’ are much more decisionist along this 
continuum, with ‘critical participant’ leaning slightly closer towards the technocratic end of the 
relationship continuum (Sterk et al. 2009). These arrangements are imagined as ‘pure’ cases and 
together are intended to encompass the space of possible arrangements, with particular real-life 
examples likely to be loosely grouped into these categories. In some cases real-life examples 
may actually encompass more than one theoretical arrangement (Sterk et al. 2009). 
5.1.4.1 ‘Civil mandate’ 
In this arrangement science and policy operate in separate spheres (Fig. 5.2a) (Sterk et al. 2009). 
Policy is ultimately in control, effectively assigning detailed research projects to scientists, who 
create knowledge and tools and “engineer research outcomes” (Hoppe 2005). 
5.1.4.2 ‘Trickle out’ 
In this arrangement the development of research goals is initiated in the science sphere (Fig. 
5.2b) (Sterk et al. 2009). Scientists may need to argue for the uptake of their research outcomes, 
with little consideration in the early stages of development as to the complexity of the political 
decision-making process into which they would like to feed their results (Roetter et al. 2005). 
Relative to the investments made into tool and methodology development, little effort is placed 
in fostering uptake or evaluating impacts of their research (Rossing et al. 2007). 136 
5.1.4.3 ‘Janus face’ 
In this arrangement policy and science spheres function in parallel (Fig. 5.2c) (Sterk et al. 
2009). Scientists can become engaged within the political sphere, working to become part of the 
political establishment so as to have their science heard in political debates (Sterk et al. 2009). 
Primacy of the science sphere in this arrangement is essential, as it allows scientists to maintain 
their scientific credibility (Sterk et al. 2009). 
5.1.4.4 ‘Critical participant’ 
In similar fashion to the ‘civil mandate’ arrangement, scientists are funded to do specifically 
policy oriented work (Fig. 5.2d) (Sterk et al. 2009). However, the specific objectives of the 
work are primarily formulated in the science sphere and scientists are expected to scrutinise 
policy developments in a constructive way (Sterk et al. 2009). 
5.1.4.5 ‘Knowledge broker’ 
In this arrangement scientists engage with interest groups, affecting policy through the transfer 
of scientific knowledge into these groups and then on to policy makers (Fig. 5.2e) (Sterk et al. 
2009). Scientists align their research goals with the interest groups’ focus, resulting in a greater 
primacy of science within the policy sphere (Sterk et al. 2009). 
5.2 Phytophthora ramorum: Science into policy 
Formulating fair and effective policies to deal with organisms such as P. ramorum is fraught 
with difficulties. Countries must formulate risk analyses and enact biosecurity measures to 
allow for an appropriate level of protection of their agricultural, horticultural and native plant 
species, whilst also not imposing self-interested barriers to trade (FAO 1999). Given the 
ideological ‘boundary arrangements’ described by Sterk et al. (2009) and outlined in Section 
5.1.4, this paper now seeks to frame examples of the integration of P. ramorum science into 
policy by these ideologies. The boundary arrangements presented here are defined as ‘pure’ 
cases of the interface of science and policy. Many situations are likely to fall into more than one 137 
category, but for the ease of discussing these science policy interfaces they are simplified here 
to generally encompass one of these ideologies (except where explicitly defined as more), with 
discussion of other potential arrangements at play. Using this assessment I then analyse which 
arrangements provide the most promise in achieving positive management and policy outcomes 
for mitigating and preventing the spread of P. ramorum (and other invasive organisms). 
The international response to P. ramorum has been varied, with governments such as those of 
the EU working together to enact regional quarantine regulations based upon the best available 
science (RAPRA 2004; Sansford et al. 2009), with the additional premise to incorporate the 
results of future scientific studies which they have planned, funded and carried out (RAPRA 
2004). On the other hand, while federal governments and foundations in the USA have funded a 
lot of research on P. ramorum, there are no specific measures for ensuring this new knowledge 
is integrated into their PRAs and such information has often taken some time to become 
incorporated into updated regulations. For example, regulations restricting the movement of 
potentially P. ramorum infested firewood in the USA were slow to be passed in the USA (Kerry 
Britton, USFS, personal communication) and are still restricted to only a number of species 
(USDA-APHIS 2007; USDA-APHIS 2010a). Likewise, the last PRA for the USA was 
published in 2008 (Cave et al. 2008), compared to the EU in 2009 (Sansford et al. 2009). 
Furthermore, a lack of centrally organized and coordinated mandatory management actions in 
California (Alexander & Lee 2010) allows us to examine some of the most interesting local 
management case studies in California, examining a range of scales of science integration into 
policy outcomes (see Fig. 5.1).  
5.2.1 Californian local management: Knowledge broker  
In California, the absence of a centrally organised and coordinated set of mandatory 
management actions for P. ramorum in natural woodlands and gardens has resulted in a number 
of ‘knowledge brokers’ initiating management actions at the local community level (Alexander 
& Lee 2010). Concerned groups of citizens have acted in California as a conduit to 
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and politicians for uptake in management and policy outcomes. This level of public outcry 
surrounding a plant pest outbreak is rare (Kerry Britton, USFS, Washington DC) and it is this 
level of concern which has allowed for public funds to be allocated so generously to the 
research of one particular plant pathogen (Young 1994). Examples of ‘knowledge brokers’ 
presented by Alexander and Lee (2010) include the California Oak Mortality Task Force 
(COMTF) and native Indian tribes and other landowners who live on land affected by P. 
ramorum.  
The non-profit working group COMTF, formed in August 2000 by merging the efforts of two 
separate state organisation, the California Forest Pest Council (CFPC) and the Californian 
Department of Forestry and Fire Protection (CDF), has been successful in providing technical 
assistance and advice to state and national policy-makers on research priorities, policy, 
education and management needs for P. ramorum (Alexander & Lee 2010), effectively 
operating as a ‘knowledge broker’ of national significance. The task force describes itself as 
being “a consensus-driven coalition of research/educational institutions, public agencies, non-
profit organizations, and private interests” with the primary purpose of coordinating “research, 
management, monitoring, education, and public policy efforts addressing elevated levels of oak 
mortality in California resulting from Sudden Oak Death” (COMTF 2011). By convening both 
local and international symposia specifically to address a range of biological, social and political 
issues surrounding P. ramorum control and management, the organisation has succeeded in 
providing the social and intellectual space for the communication of important scientific 
findings into policy outcomes. Local COMTF meetings have been held annually since the 
organisation’s inception, while four international Sudden Oak Death Symposia have been held 
organised by the USFS Pacific Southwest Research Station with cooperation of the COMTF 
(COMTF 2011). The proceedings of these symposia are accessible through the COMTF website 
(http://www.suddenoakdeath.org; COMTF 2011). 
Despite being based in California, COMTF has been successful in bringing together scientists 
and policymakers from the USA, Europe, and further afield, to share knowledge and experience. 
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access to the latest scientific findings, and has been highlighted as a model for response to 
future plant pest and pathogen outbreaks in the USA (National Association of State Foresters 
2004). Working in this way the COMTF effectively provides a ‘stepping stone’ (Sterk et al. 
2009) from the scientific to the policy sphere. 
On a more local level, tribes of native Indians, the Hoopa and Yurok in northern Humboldt and 
the Kashia and Pomo in western Sonoma, and landowners in Big Sur and the greater San 
Francisco Bay area have actively engaged with scientists to monitor and manage P. ramorum on 
their lands (Alexander & Lee 2010). This direct community interest and involvement has 
allowed scientists to access private lands for studies and utilise public resources to achieve 
research goals (i.e. by utilising local volunteers to collect samples and data). Their involvement 
has also been pivotal in highlighting the social interest and importance of the issue of P. 
ramorum to the public, which has been crucial when garnering political interest, funding and 
support. Alexander and Lee (2010) note that many of the citizens who have been successful in 
attracting funds and attention to the problem of P. ramorum in this way have the connections 
and the understanding of the relevant civic processes, which has substantially sped up the 
subsequent management timeline. By working in this manner, these individuals and local 
interest groups have effectively worked as ‘knowledge brokers’ at the boundary of science and 
policy. 
5.2.1.1 Advantages of Californian local management: Knowledge broker 
Demonstrations of public support are crucial to securing public funds and additional interest to 
control and manage diseases such as P. ramorum. The utilisation of a ‘knowledge broker’ often 
keeps the direct political implications close to the minds of the relevant politicians who will 
then seek to enact relevant policies and approach such groups to demonstrate their action. The 
formation of ‘knowledge broker’ groups also serve a strong social purpose, the actions of which 
are strengthened by their close connection to actual problems and communities on the ground 
(Alexander & Lee 2010). The formation of these interest groups and the non-professional and 
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future forest pest or pathogen issues in these communities and potentially further afield as they 
may act as a model system for future efforts (Alexander & Lee 2010). 
5.2.1.2 Disadvantages of Californian local management: Knowledge broker 
Public interest, and therefore funding and research opportunities, may wane or groups may 
disband over time. For this reason, scientists or policy-makers should be cautious when relying 
on a specific community’s commitment to initiate and continue their role as a ‘knowledge 
broker’ (Alexander & Lee 2010). Additionally, when ‘knowledge broker’ arrangements exist in 
a vacuum of committed state or federal arrangements, localised initiatives run the risk of 
suffering from a lack of continuity and quality control. Statewide and federal resources may also 
be spread too thin to respond to all local needs, with areas that are not interested but are 
sustaining damage not having their needs met if successful ‘knowledge broker’ organisations 
dominate the available funds and resources or simply because of the lack of local interest. In 
turn, this could also result in areas that need protection via quarantines or areas which would 
benefit from management not being protected, which could have an overall negative result on 
management of the disease on an entire landscape scale. Reliance of the public, scientists and 
policy-makers on ‘knowledge brokers’ may also be a more worrying reflection of state and/or 
federal authorities not performing their duties due to lack of resources, lack of agreement or 
concern over protecting plant industries such as the nursery industry rather than natural 
resources such as forests. A lack of centrally organised and coordinated mandatory management 
actions in California was identified by Alexander and Lee (2010) as a key reason for such a 
burgeoning of local management, and therefore ‘knowledge brokers’ to deal with the threat of 
P. ramorum. 
5.2.2 Delivery of US Phytophthora ramorum science into national policy: a 
complex of civil mandate, critical participant and trickle out 
In the USA, the delivery of P. ramorum research outputs into national policy outcomes is highly 
complex and consists of elements of the ‘civil mandate’, ‘critical participant’ and ‘trickle out’ 
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At the heart of delivering scientific input into regulatory goals in the USA is the Centre for Plant 
Health Science and Technology (CPHST). CPHST is responsible for ensuring that the Plant 
Health, Plant Protection and Quarantine (PPQ) arm of USDA-APHIS has the information, tools 
and technology to make the most scientifically valid regulatory and policy decisions possible 
(USDA-APHIS 2010b). National science program leaders are assigned responsibility for 
particular organisms, with Dr Russ Bulluck currently leading the emergency response team who 
are responsible for the delivery of P. ramorum research to the national program for P. ramorum 
regulation (USDA-APHIS 2010c). This mandate makes clear that the CPHST works as a 
‘boundary organisation’. Given this, CPHST can operate to instigate ‘civil mandate’ boundary 
arrangements to answer specific policy related questions. 
A P. ramorum virtual technical working group was formed in February of 2011 by CPHST, 
asking for input from a wide range of international Phytophthora scientists on select questions 
related to the biology of P. ramorum (Ross Bulluck, CPHST, personal communication). This is 
a prime example of a ‘civil mandate’ boundary arrangement as scientists are asked specific 
policy-related questions on the biology of P. ramorum. By directly engaging with scientists in 
this way one could also argue that a component of ‘critical participant’ also comes into play as 
policy-makers rely on the advice and recommendations of scientists in a two-way discussion of 
regulatory priorities. 
The accumulated knowledge and research outputs of these Phytophthora scientists are often 
borne out of either government or privately funded research grants granted to private 
consultancies such as Phytosphere in California (i.e. Swiecki & Bernhardt 2007), academic 
institutions such as UC Davis and UC Berkeley (e.g. Davidson et al. 2005; Mascheretti et al. 
2009) and federal government departments such as the USFS and USDA-ARS (e.g. Goheen et 
al. 2002; Tooley & Browning 2009). While this research may be delivered through a ‘civil 
mandate’ boundary arrangement, particularly in the case of federally funded research scientists, 
and as described for CPHST, it is more likely that the research is delivered in a ‘trickle out’ 
arrangement. Under this arrangement non-federally funded researchers may then rally for their 
results to be taken up by policy-making authorities, or if they have specifically written grants 142 
which addressed particular management or control concerns then the uptake of such technology 
may be aided. It is important to note that federally funded scientists are not allowed to rally for 
their results to be take up at a policy level, but are simply required to provide results and state 
scientifically based implications of their research for use by the appropriate authorities (Susan 
Frankel, USFS, personal communication), lending their results to predominantly be utilised in a 
‘civil mandate’ arrangement. 
The research of control measures using phosphite (Garbelotto et al. 2007) and identifying 
potentially resistant lines of tanoak (N. densiflorus) (Hayden et al. 2011) to protect individual 
trees or maintain forest structure in the future are both examples of scientifically driven research 
initiatives with direct implications for management. These implications can then be 
communicated to the relevant land managers and authorities, but run the risk of only happening 
in a ‘trickle out’ arrangement. The communication and integration of these scientific outputs is 
driven in California by COMTF, who run frequent training programs on mitigation methods 
such as the application of phosphite for individual tree protection (COMTF 2011). COMTF was 
specifically formed for this purpose as a result of substantial public outcry and interest in the 
pathogen and its destructive potential (Alexander & Lee 2010). They effectively work as a 
‘knowledge broker’ in this boundary arrangement (see Section 5.2.1). 
5.2.2.1 Advantages of delivery of US P. ramorum science into national policy: a 
complex of civil mandate, critical participant and trickle out 
Having a specific ‘boundary organisation’ already established in the USA is beneficial as it 
allows for a starting point for politicians to seek advice to specific policy/regulatory related 
scientific information, not only for P. ramorum, but for any new or emerging pathogen or pest. 
Provided that staff are in stable positions it also allows for a continuity of intellect and 
knowledge in the organisation which may be applicable beyond a single emergency pathogen or 
pest. CPHST may then be able to take advantage of pre-existing research which may have 
developed as a result of a ‘trickle out’ boundary arrangement where scientists have secured their 
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5.2.2.2 Disadvantages of delivery of US P. ramorum science into national policy: a 
complex of civil mandate, critical participant and trickle out 
The sheer complexity of the US system for the delivery of science into policy outcomes is likely 
to result in deficiencies, as confusion about the best means to deliver scientific outputs to policy 
makers is not clear. In the ‘civil mandate’ questionnaire approach used by the CPHST, the 
amount of scientific output would be limited by the information that they gather from those who 
have the time or inclination to respond to such a communication. In this case, the establishment 
of effective relationships in a ‘janus face’ type boundary arrangement may be particularly 
beneficial. In the ‘trickle out’ boundary arrangement there is a high risk that pertinent research 
findings will not be communicated to the suitable policy-making authorities in a clear or timely 
manner. Scientists may choose to work purely for academic interest, without communicating 
their research effectively once completed (Howden et al. 2007). 
It is also important to note that the limited role of federally funded scientists, wherein they are 
simply required to provide results and state scientifically based implications of their research for 
use by the appropriate authorities, may also contribute to a lack of science being communicated 
into policy outcomes. The intellect of some of these scientists, who are likely to be some of the 
most directly involved in current issues and well-educated researchers may not be made 
available to produce the best policy outcomes through use of arrangements such as ‘janus face’ 
and ‘trickle out’. 
5.2.3 Risk Analysis of Phytophthora ramorum (RAPRA): Civil mandate 
The response of the EU to incursions of P. ramorum through the organization of a collaborative 
Risk Analysis of Phytophthora ramorum (RAPRA) (Sansford et al. 2009), operated under a 
‘civil mandate’ boundary arrangement, although components of ‘critical participant’ may also 
have been at play (examined later in more detail in Section 5.2.4). RAPRA specifically operated 
under priority 8.1.B.1, Policy-oriented research, of the EU Sixth Framework Project (RAPRA 
2004; Sansford et al. 2009). The research of RAPRA addressed components of all of the 
biologically based biosecurity concerns outlined in Table 1.1 (Chapter 1) (RAPRA 2004). 144 
The overall aim of the project was ‘to develop a European Pest Risk Analysis for US and EU 
isolates of P. ramorum, including: assessment of potential establishment; environmental and 
socio-economic impacts; and the development of harmonised risk management strategies and 
contingency plans’ (RAPRA 2004). The project was heavily scientifically based, utilizing a 
number of premier national scientific organisations within the EU membership and led by 
experts in Phytophthora biology and forest pathology. Project participants included Forest 
Research and the Food and Environment Research Agency (FERA) of the UK, Plant Research 
International and the Plant Protection Service of the Netherlands, the Institute for Plant 
Protection in Horticulture of the Federal Biological Research Centre for Agriculture and 
Forestry and Department for National and International Plant Health of Germany, the National 
Institute for Agricultural Research (INRA) of France and the Insitudo Mediterraneo de Estudios 
Avanzados (IMEDEA) of Spain (RAPRA 2004). The USFS was also a foreign participant in the 
project (RAPRA 2004). This utilization of foreign experience would certainly have aided in 
rapid dissemination of new results which could be immediately taken into consideration in 
regulatory and management goals. 
5.2.3.1 Advantages of RAPRA: Civil mandate 
RAPRA has been successful in producing a collaborative PRA for P. ramorum. In doing so, the 
EU has provided the financial and institutional support needed to build collaborative research 
relationships between scientists and policy makers within the EU and countries beyond. These 
collaborations may in turn prove invaluable, potentially resulting in ideological shifts in 
boundary arrangements in the future as the lines of communication have been opened. 
Working as a unit would have allowed for the member participants to identify gaps in 
knowledge, essentially acting in a ‘critical participant’ role by recognizing the utility of the 
science within a PRA framework and therefore offering scientific results directly related to 
policy outcomes. Participatory engagement of this nature with decision-makers allows scientists 
to bring the practical knowledge into the assessment of policy goals which can help to identify a 
much broader range of adaptations to the risks presented and help to realistically assess the 
practicality and cost effectiveness of the options available (Howden et al. 2007).  145 
Sharing the load of the work across the EU and pooling resources for one PRA to provide the 
basis for an overarching PRA for each independent member state would have been financially 
favourable. Nations outside of the EU, such as Norway (Sundheim et al. 2009), had to produce 
their own PRA to justify any potential trade implications, effectively subsuming the entire cost 
of the PRA alone. 
By working together, valuable collaborative relationships would have been built between 
scientists and policy-makers, which should allow for easier future collaboration and 
communication of such science into policy related work. Given this basis, this communication 
could occur through a ‘civil mandate’ arrangement, but development of these relationships 
could potentially result in future adoption of a ‘trickle out’, ‘critical participant’ or ‘janus face’ 
arrangement where scientists and policy-makers are prepared to offer up research for use in 
policy or the scientist and policy-maker may work together to define such goals and answer 
appropriate research questions. 
5.2.3.2 Disadvantages of RAPRA: Civil mandate 
By producing a joint PRA it is possible that country-specific issues to do with the spread of P. 
ramorum would not have been addressed, as well as not addressing issues of spread of the 
pathogen amongst members of the EU. Industry specific financial and trade implications and 
country/region specific environmental suitability may not have been adequately addressed in a 
joint PRA. Variation exists in the nature and quantity of horticultural commodities in Europe 
(Dehnen-Schmutz et al. 2010) and a joint approach to such an issue may obscure phytosanitary 
differences amongst member states. Such issues would need to be addressed to protect 
industries which are not heavily impacted by the pathogen already or allow for independent 
eradication campaigns to be conducted, particularly within the horticultural industry. Studies 
also show that environmental and climatic suitability are likely to vary amongst EU member 
countries (see Chapter 4). For example, Mediterranean member states such as Spain and Greece 
may be at higher risk than presently conceived for P. ramorum invasion and persistence, 
particularly under the effects of climate change or if the NA1 genotype is introduced into these 
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5.2.4 UK science into policy: Critical participant 
Policy initiatives in the UK have led to a ‘critical participant’ style boundary arrangement for 
the communication of P. ramorum science into policy. Similar to the USA, the UK has a 
boundary organisation, known as the Office of Science and Innovation in 2007 (and 
subsequently absorbed into the Department for Innovation, Universities and Skills (DIUS)), 
which aims “to ensure that the Government achieves better policy, delivery and regulation by 
using the best available scientific evidence” (DTI 2007). While Government has changed 
throughout the course of the emergence and regulation of P. ramorum in the UK, national 
archives have provided a valuable snapshot into the intellectual and institutional shift in the way 
they approached the issue of evidence-based policy making which occurred during the 
continuing control and management of P. ramorum in the UK. 
In 2005, the UK Government produced ‘Guidelines on Scientific Analysis in Policy Making’ in 
response to increased public interest in evidence-based issues (HM Government 2005). This 
was followed by a ‘Code of Practice for Scientific Advisory Committees’ in 2007 (DIUS 2007). 
These documents are intended to provide direction in concert with one another across the 
science-policy divide (DTI 2007) and were taken up by Government departments in the UK, 
including the Department for Environment, Food and Rural Affairs (DEFRA) (DEFRA 2006) 
which is responsible for the government response to P. ramorum through research, control and 
management initiatives through FERA (DEFRA 2009). 
These policies and documents encourage a direct dialogue between scientists and policy-makers 
and are intended for both the policy-maker, in the case of the 2005 guidelines document (HM 
Government 2005), and the scientist, as per the 2007 code (DIUS 2007). However, both 
documents are not explicitly intended for either party and provide valuable insight for both 
parties should they engage in reading and applying the guidelines and codes in concert, as they 
are intended to be (DTI 2007). In this manner, the dialogue is two-way and provides an example 
of a ‘critical participant’ approach. Policy-makers continue to ask specific scientific questions 
and scientists in organisations such as Forest Research communicate their findings to DEFRA 147 
and the Government through a rapid reporting process to continually inform policy-related 
decisions (Alan Inman, FERA, personal communication). 
Scientifically-based agencies such as the Natural Environment Research Council in the UK go 
further to encourage their staff to engage in ‘janus face’ style boundary arrangements by directly 
seeking out and engaging with appropriate policy-makers and politicians both formally and 
informally in order to build relationships which will make it easier to put forward their scientific 
evidence for policy change through established trust and confidence in scientific credibility 
(Clayton & Culshaw 2009). 
5.2.4.1 Advantages of UK science into policy: Critical participant 
Evidence-based science is encouraged at a high political level and provides impetus and 
encouragement to governmental science departments to communicate their science effectively. 
5.2.4.2 Disadvantages of UK science into policy: Critical participant 
The shift to a ‘critical participant’ arrangement in the UK was ultimately based upon response to 
public interest and policy, and could therefore change if public interest wanes or changes. As it 
is a government driven policy, non-governmental scientific agencies may not be encouraged to 
engage in the same manner and important research findings may not be used in appropriate 
policy outcomes. 
5.2.5 Personal relationships in Phytophthora ramorum research leads to 
management and policy implications and outcomes: Janus face 
International collaborations in science and personal relationships between scientists and policy-
makers often transcend political boundaries and represent examples of ‘janus face’ boundary 
arrangements. For P. ramorum, collaborative research relationships driven through the 
formation of the IUFRO Phytophthora in Forest and Natural Ecosystems Working Group 
7.02.09 (IUFRO 2011) has grown to incorporate some members who have established 148 
reputations and relationships at the science/politics divide such as Emeritus Professor Clive 
Brasier in the UK and Emeritus Professor Everett Hansen of Oregon State University. 
In the USA, individuals such as Susan Frankel and Kerry Britton from different branches of the 
USFS and Russ Bullock of the CPHST maintain professional relationships which allow for 
them to individually obtain, synthesise and communicate pertinent scientific research outputs to 
the appropriate authorities. There is an even greater integration of scientific and policy goals 
and outcomes in Oregon, USA, where those who are more involved with management and 
policy outcomes at the state and national levels such as Ellen Goheen of the USFS have 
developed strong networks with, and in some cases are prior students of, Prof. Everett Hansen. 
This establishment of relationships prior to the P. ramorum outbreak allowed for 
communication and associated management actions to proceed quickly, and is potentially part 
of the reason why eradication efforts were able to be instigated so rapidly in Oregon. 
The established reputation of Prof. Clive Brasier in the UK has also aided in communicating the 
potential risks of P. ramorum in Europe. Prof. Brasier has been instrumental in encouraging the 
intellectual engagement of scientists within the political sphere in which P. ramorum science is 
operating through publication of papers on the intersection of such research with international 
plant biosecurity, in both low and high profile scientific journals. This has allowed the message 
of serious biosecurity issues related to P. ramorum to reach and engage a wider range of those 
responsible for plant health (see Brasier 2005; Brasier 2008; Brasier & Webber 2010). Scientists 
in the UK are also explicitly encouraged to engage with individual policy-makers and 
institutions (Clayton & Culshaw 2009)(as outlined in Section 5.4.4), which could ultimately 
result in an institutional wide array of valuable ‘janus face’ boundary arrangements. 
5.4.5.1 Advantages of personal relationships in P. ramorum research leading to 
management and policy implications and outcomes: Janus face 
Decisions can be made rapidly with confidence that the scientific information informing the 
policy or regulatory outcome is reliable as communication is easier and more readily trusted 
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control methods such as eradication early enough to make a suitable difference, if it is to be 
effective at all, as may prove to be the case in Oregon. (This will, of course, need to be 
evaluated within a wider policy framework and understanding of the specific situations facing 
Oregon versus, for example, California, at similar points in time. Oregon is known to have 
aggressive mandatory forest eradication policies which are supported by funding from the USFS 
and USDA-APHIS which, along with a more complex political arena and wider area of 
infestation, may be more explicative of why eradication efforts in California have been less 
successful (Susan Frankel, USFS, personal communication).) 
5.4.5.2 Disadvantages of personal relationships in Phytophthora ramorum 
research leading to management and policy implications and outcomes: Janus 
face 
Relationships may have to be continually renewed and trust rebuilt if institutions undergo 
continuous changes in staff or the positions these staff hold or if influential research individuals 
retire or pass away. For example, change of Government in the United Kingdom in 2008 not 
only resulted in shelving of current science integration policies, leading to them being archived 
(DTI 2007), but also in the Office of Science and Innovation being absorbed into DIUS, which 
could ultimately weaken its ability to make fundamental change and work effectively as an 
independent boundary organisation. As a further example, staff responsible for the Australian 
PRA for P. ramorum have changed at least twice in the last four years, leading to 
communication break downs with interested parties (K.B. Ireland, personal observation). 
Similarly, the Australian biosecurity system is undergoing a complete overhaul at the moment 
following recommendations from the Beale review (Beale et al. 2008), which runs the risk of 
further disrupting the progression of the Australian PRA. Researchers need to be aware of 
filling their positions or those of others with suitably qualified and motivated individuals as 
scientists retire, pass away or change jobs. Institutions should manage personnel accordingly 
and perhaps governments should consider protecting permanent positions to reduce loss of 
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5.3 Discussion 
The range of ‘boundary arrangements’ at play across the globe at different levels of governance 
for P. ramorum shows that a range of these arrangements is often necessary to achieve control 
and management objectives. The sheer complexity of the American plant biosecurity apparatus 
has potentially resulted in locally driven ‘knowledge broker’ arrangements being the most 
promising means of directly communicating research findings into adaptive control and 
management outcomes when compared with the more policy driven ‘civil mandate’ 
arrangements already in place. Meanwhile, in Europe, ideological arrangements which aim to 
encourage the building of relationships and lines of communication between scientists and 
policy makers, while initially ‘civil mandate’ driven, have resulted in the development of a more 
‘critical participant’ approach which should prove invaluable in the future. These efforts will be 
further bolstered if EU-wide PRAs (an example of ‘civil mandate’ with a touch of ‘critical 
participant’) are continued, although these do run the risk of potentially overlooking country-
specific issues related to a particular plant biosecurity risk. Ultimately, all of the discussed 
arrangements involved personal relationships at play, and these ‘janus face’ boundary 
arrangements may prove to be the most influential across the entire plant biosecurity framework 
(Fig. 5.2) 
The utilisation of structural frameworks such as ‘boundary arrangements’ in analysing the 
communication of science into policy outcomes in biosecurity has great potential. Framing the 
integration of science into policy in these ways enables scientists and policy-makers to analyse 
their role in the systems, hopefully leading to well informed policies and implementation of 
effective control and management options. Unfortunately, extrapolations of such analyses are 
difficult beyond identifying those arrangements which show the most promise in achieving 
biosecurity goals. Concrete studies comparing effectiveness and success of the different 
arrangements in integrating science into policy do not exist to the best of our knowledge. 
Qualitative and quantitative studies engaging across disciplines such as social science, political 
science, economics and ecology will be crucial in examining the value of the boundary 
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have sprung such as land use systems research (Sterk et al. 2009). For example, in the case of P. 
ramorum studies might be able to assess the economic advantages or disadvantages of 
collaborating for PRAs, psychological studies could assess the effects of personal relationships 
and building of collaborative links on the speed and nature of biosecurity outcomes and a social 
science study may be able to quantify the success of uptake of management methods such as 
phosphite treatments following training days run by COMTF. Such studies may be able to 
elucidate which arrangements are most successful and provide model systems for other 
biosecurity organisations to adopt. 
Models and recommendations surrounding the communication and integration of science into 
policy for P. ramorum should be more broadly applicable to biosecurity arrangements for a 
whole range of invasive organisms. The recent incursion of Myrtle rust (Uredo 
rangelii/Puccinia psidii sensu lato) into New South Wales and its subsequent spread into 
Queensland (Carnegie et al. 2010; Chief Plant Protection Officer 2011) indicates a failure of the 
Australian biosecurity system. Could or would such a failure occur with P. ramorum? By 
examining the boundary organisations and arrangements at play with the control and 
management of both P. ramorum abroad and U. rangelii in Australia, recommendations may be 
able to be made to improve future biosecurity efforts.  
The Australian system already has arrangements similar to those presented in this paper. 
Research Working Group 7 - Forest Health (G. Hardy, CPSM, Perth, personal communication) 
is similar to the IUFRO Phytophthora in Forests and Natural Ecosystems Working Group 
(IUFRO 2011) and is therefore likely to encourage strong interpersonal communication 
channels in a ‘janus face’ type of arrangement. Organisations such as the Cooperative Research 
Centre for National Plant B`iosecurity (CRC NPB) based in Canberra and the Dieback 
Information Group (DIG) in the southwest of Western Australia may play similar roles to 
COMTF, effectively working as ‘knowledge brokers’ across the science-policy interface. 
Indeed, both of these organisations have successfully brought together scientists and policy 
makers at both formal and informal meetings and conferences, similar to the SOD symposia in 
the USA run by COMTF.  152 
Similar international ‘civil mandate’ arrangements to that of RAPRA exist already, with 
Australia a part of the Plant Health Quadrilaterals (PHQuads) (J. Plazinski, DAFF, Canberra, 
personal communication). The Quads Scientific Collaboration Working Group (SCWG) from 
this group identifies and coordinates the development of diagnostic tools for plant pests and 
fosters cooperation and collaboration programs in a similar fashion to RAPRA (J. Plazinski, 
DAFF, Canberra, personal communication). There is no reason why this arrangement could not 
be applied in a more expansive or regional setting to produce PRAs. At the national policy level 
the arrangements are likely to appear as complex as the US system, especially given the current 
bureaucratic and institutional change occurring in Australia following the Beale review (Beale 
et al. 2008). In order to combat loss of scientific knowledge at a national level through ‘trickle 
out’ arrangements, funding bodies such as the Australian Research Council may consider 
stipulating that grant applications demonstrate an implementation/communication strategy for 
the application of their science into the fields of policy-making and management. A failure to 
address deficiencies in the communication and integration of science into policy outcomes 
could be detrimental in the case of plant biosecurity if a major incursion were to occur and 
decimate natural ecosystems or plant industries. 
5.3.1 Practical recommendations for international plant biosecurity 
It is recommended that future biosecurity efforts to prevent the entry and establishment of P. 
ramorum and other invasive organisms incorporate: 
(i)  Local management actions which connect and build relationships with affected 
communities and build capacity accordingly, which has shown great promise in P. 
ramorum affected communities of Northern California;  
(ii)  Structural arrangements of the integration of science into policy at a national level, 
encouraging scientists and policy makers to directly engage with one-another to allow for 
the rapid dissemination of new knowledge directly applicable to policy applications, as 
outlined in policies from the UK; 153 
(iii) Regionally or globally based PRAs which engage all countries with vested interests in 
improved scientific knowledge of a particular invasive organism. This approach should be 
a knowledge and research cost-sharing approach designed to improve upon current PRAs 
and meet the guidelines of the SPS agreements more rapidly. This has been very promising 
in the RAPRA model of the European Union and countries such as Australia could build 
upon and expand the mandate of international working groups such as QUADS; and 
(iv)  Investment into studies outlining the effectiveness and success of different boundary 
arrangements in achieving positive biosecurity outcomes. Such studies are lacking at the 
moment. They may be quantitative or qualitative in nature and engage across multiple 
scales and disciplines to understand the relative and comparative success of such 
arrangements.  154 
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6. GENERAL DISCUSSION 
This study has clearly shown that a number of Australian native plant species, from a range of 
families and genera, are potentially susceptible to P. ramorum (Table 6.1). Some of these 
species were found to be putative sporulating hosts (Table 6.1), which may be capable of 
spreading the pathogen under natural infection circumstances in nurseries or natural ecosystems. 
Modelling the potential distribution of the pathogen in Australia indicated that a large section of 
coastal Australia, from west of Adelaide through to southeast Queensland, including Tasmania, 
and the south-west of Western Australia are within the climatic range of P. ramorum (Fig. 6.1a). 
Many of the potentially susceptible and sporulating hosts identified in this study are widely 
distributed within these climatically suitable regions (Boland et al. 2006). Together, these 
results confirm P. ramorum as a potential threat to Australian plant industries and ecosystems, 
adding weight to its status as a ‘Category 1 pest’ in Australia (Plant Health Australia 2009) and 
the restrictive legislation surrounding importation of known host genera into Australia (AQIS 
2010). Should a P. ramorum incursion occur in Australia, quarantine authorities will need to 
take into account the potentially wide distribution of the pathogen and its potential hosts when 
considering monitoring and management options. 
As a whole, this study provides Australian plant regulators and plant industries with the 
necessary tools to assist in the development of appropriate quarantine protocols to prevent the 
introduction and spread of P. ramorum. The tools provided are based on components of the 
‘disease tetrahedron’, namely pathogen host range, environment and human influences. In turn, 
these provide important information on: (a) the potential susceptibility of Australian plant 
species to foliar, branch and bole canker diseases caused by P. ramorum and pathogen 
sporulation potential; (b) potential geographic range of the pathogen throughout Australia; and 
(c) the effectiveness of the integration of science into policy and management efforts for P. 
ramorum in the USA and Europe. This final component of the study has important implications 
for current and future Australian plant biosecurity efforts, for P. ramorum and other invasive 
alien species. 156 
Table 6.1 Susceptibility of 70 native Australian plant species and three positive control species 
to foliar, branch and bole canker diseases caused by Phytophthora ramorum and sporulation 
potential on foliage
 a. 
Species 
b 
Susceptibility  Sporulation 
potential γ  Foliar
 α  Branch
 β  Bole canker
 β 
Positive control hosts        
Notholithocarpus densiflorus  … …  High … 
Rhododendron cv. Colonel Coen  Moderate  High …  High 
Umbellularia californica  Moderate  High …  High 
Australian hosts        
Acacia dealbata 
(Tas)  Low  Low  Low  Moderate 
Acacia melanoxylon 
(Tas)  Low  Low …  Unlikely 
Acmena smithii  Low  Low …  Marginal 
Adenanthos obovatus 
(WA)  Moderate  Tolerant …  … 
Agonis flexuosa 
(WA)  Low  Low …  Marginal 
Atherosperma moschatum 
(Tas)  Low  Low …  Unlikely 
Banksia attenuata 
(WA)  Moderate  Tolerant …  Marginal 
Banksia marginata 
(Tas)  Low  Tolerant …  Marginal 
Bauera rubioides 
(Tas)  Moderate  Low …  … 
Billardiera heterophylla 
(WA)  Low  Tolerant …  … 
Brachychiton populneus  Moderate  Low …  … 
Bursaria spinosa 
(Tas)  Low  Tolerant …  … 
Callitris rhomboidea 
(Tas)  Low  Low …  … 
Ceratopetalum apetalum  Low  Low …  … 
Correa alba  Low  Low …  … 
Correa backhousiana  Low  Low …  … 
Correa decumbens  Low  Low …  … 
Correa cv. Ivory Bells  Low  Low …  … 
Correa reflexa 
(Tas)  Moderate  Low …  Marginal 
Correa cv. Sister Dawn  High  Tolerant …  … 
Corymbia ficifolia 
(WA)  Moderate  Low …  Moderate 
Corymbia maculata  Low  Low …  Marginal 
Dicksonia antarctica 
(Tas)  Low  Low …  Unlikely 
Dodonea viscosa 
(Tas; WA)  Low  Low …  Marginal 
Eucalyptus camaldulensis  Low  Low …  … 
Eucalyptus cneorifolia  Low  Moderate …  … 157 
Table 6.1 (Continued) 
Species 
b 
Susceptibility  Sporulation 
potential γ  Foliar
 α  Branch
 β  Bole canker
 β 
Eucalyptus delegatensis 
(Tas)  Moderate  Low …  Moderate 
Eucalyptus denticulata  Moderate  High  Moderate  Moderate 
Eucalyptus diversicolor 
(WA)  Low  Low  Tolerant  Unlikely 
Eucalyptus globulus 
(Tas)  Low  Low  Low  Marginal 
Eucalyptus haemastoma  Moderate  Tolerant …  High 
Eucalyptus laeliae  Low  Low …  … 
Eucalyptus leucoxylon  Low  Low …  … 
Eucalyptus pauciflora 
(Tas)  Moderate  Low …  Marginal 
Eucalyptus regnans 
(Tas)  High  Tolerant  High  Unlikely 
Eucalyptus saligna  Low  Low …  … 
Eucalyptus sideroxylon  Moderate  Moderate …  … 
Eucalyptus viminalis 
(Tas)  Low  Moderate  Tolerant  High 
Eucryphia lucida 
(Tas)  Low  Low …  … 
Grevillea synapheae 
(WA)  Moderate  Low …  … 
Hakea rostrata  Low  Low …  … 
Hardenbergia violaceae  Low  Moderate …  Unlikely 
Hedycarya angustifolia  Resistant  Low …  … 
Isopogon cuneatus 
(WA)  High  Low …  … 
Isopogon formosus 
(WA)  High  High …  High 
Lagarostrobos franklinii 
(Tas)  Low  Low …  … 
Leptospermum grandiflorum 
(Tas)  Low  Low …  … 
Leptospermum lanigerum 
(Tas)  High  Low …  … 
Leptospermum scoparium 
(Tas)  High  Tolerant …  Marginal 
Lomandra longifolia 
(Tas)  Low …  …  … 
Lomatia myricoides  Low  Tolerant …  … 
Macadamia tetraphylla  Low  Tolerant …  … 
Melaleuca squamea 
(Tas)  High  Low …  … 
Nothofagus cunninghamii 
(Tas)  Low  Moderate …  High 
Nothofagus moorei  Low  Low …  Marginal 
Olearia argophylla 
(Tas)  Resistant  Low …  … 
Phyllocladus aspleniifolius 
(Tas)  Resistant  Low …  … 
Pittosporum undulatum  Resistant  Tolerant …  Unlikely 
Podocarpus lawrencei 
(Tas)  Resistant  Low …  … 
Polyscias sambucifolia  Moderate  Low …  … 158 
Table 6.1 (Continued) 
Species
 b 
Susceptibility  Sporulation 
potential
 γ 
Foliar
 α  Branch
 β  Bole canker
 β 
Pomaderris apetala 
(Tas)  Resistant  Low …  Marginal 
Prostanthera lasianthos 
(Tas)  Low  Low …  Marginal 
Senecio linearifolius  Low  Low …  … 
Stylidium graminifolium  Low  Tolerant …  … 
Tasmannia lanceolata  Low  Low …  … 
Taxandria marginata 
(WA)  High  Low …  … 
Tristaniopsis laurina  Low  Low …  … 
Viola hederaceae  Low …  …  … 
Xanthorrhoea australis*  Low …  …  … 
Xanthorrhoea preisii 
(WA)  Low …  …  … 
a Calculations for susceptibility based upon measures of severity and infection potential, as 
outlined in Chapter 2 for foliar (α) studies and Chapter 3 for branch and bole canker (β) studies. 
Descriptions of sporulation potential (γ) are described in Chapter 2. Colours indicate the degree 
of host susceptibility/sporulation potential, where blue indicates tolerant or resistant species or 
those unlikely to produce sporangia, followed by low susceptibility or marginal likelihood in 
yellow, moderate in orange and high in red. 
b Positive control species are known to be naturally infected in California. Species tested for 
foliar susceptibility using only agar plug inoculations (*). Species native to Tasmania (Tas) and 
Western Australia (WA). 
6.1 Major findings 
6.1.1 Australian native plant susceptibility to Phytophthora ramorum 
All 70 species tested were capable of being infected by P. ramorum and displayed a range of 
potential susceptibilities to foliar, branch and bole canker diseases caused by the pathogen 
(Table 6.1). Similarly, a range of putative sporulation potential capacities were found for a 
subset of these species. 
In summary, the major findings of these studies included: 159 
  Potentially highly susceptible foliar hosts included B. attenuata, E. delegatensis, E. 
denticulata, E. viminalis, I. cuneatus, I. formosus and L. scoparium.  
  Potentially resistant foliar hosts included H. angustifolia, O. argophylla, P. aspleniifolius, P. 
undulatum and P. lawrencei.  
  Putative sporulating hosts include five members of the Myrtaceae, A. flexuosa, C. ficifolia, E. 
haemastoma, E. delegatensis and E. viminalis, and N. cunninghamii (Fagaceae). 
  Potentially highly susceptible branch hosts included E. denticulata, E. sideroxylon, E. 
viminalis, H. violaceae, I. formosus and N. cunninghamii. 
  Thirteen potentially tolerant branch dieback hosts were identified and included B. attenuata, 
B. heterophylla, B. marginata, E. haemastoma, E. regnans and P. undulatum. 
  Eucalyptus regnans was identified as a potentially highly susceptible bole canker host, while 
E. diversicolor and E. viminalis were considered potentially tolerant species to bole cankers. 
  Asymptomatic foliar infections were detected for 70 % of the Australian species tested. 
  No trends or significant differences between genera or families were detected. 
6.1.2 Potential geographic range of Phytophthora ramorum 
Two climate models were developed in CLIMEX. The areas at risk from the European strain 
(EU1 model) and the combined risk from the European (EU1) and North American (NA1) 
genotypes (composite model) were mapped separately. 
In summary: 
  The models suggest that the invasion of P. ramorum in both North America and Europe is 
still in its infancy and it is presently occupying a small fraction of its available range. 
  Phytophthora ramorum appears to be climatically suited to large areas of Africa, 
Australasia and South America. 
  The models indicated that P. ramorum isolates of the EU1 genotype may be constrained to a 
greater degree by higher temperatures than the NA1 genotype. Southern Europe may be at 
greater risk of invasion should the NA1 genotype be introduced into warmer areas, as areas 160 
increased in relative suitability from the EU1 to composite models (which is based on a 
higher temperature for the maximum optimum temperature for growth). 
 
Figure 6.1 Eco-climatic suitability for Phytophthora ramorum in Australia (a) and south-central 
Victoria (b) under the 1961-1990 climate normals, as modelled using CLIMEX. Known 
distribution of potential bole canker host Eucalyptus regnans, potential foliar hosts and 
sporulators Eucalyptus viminalis and Nothofagus cunninghamii are shown (AVH 2009).  161 
6.1.3 Analysis of the integration of science into policy and management efforts 
for Phytophthora ramorum in the USA and Europe 
Experience from Europe and the USA show that a range of boundary arrangements exist to 
integrate science related to P. ramorum into policy and management outcomes. The most 
promising of these boundary arrangements were: 
  ‘Knowledge broker’ arrangements such as the COMTF and locally instigated and maintained 
management efforts in Northern California. These arrangements have seen local 
management actions connect and empower affected communities, while building 
relationships between scientists, policymakers and members of the community, all which 
build greater resilience and capacity to deal with current and future biosecurity threats. 
  ‘Critical participant’ and ‘janus face’ institutional arrangements and codes of conduct which 
influence the integration of science into policy at a national level, encouraging scientists and 
policy makers to directly engage with one-another to allow for the rapid dissemination of 
new knowledge directly applicable to policy applications, as outlined in policies from the 
UK.  
  Regionally or globally instigated ‘civil mandate’ arrangements such as those which produce 
regionalized PRAs, such as was achieved in the EU with RAPRA. 
To my knowledge, there are no studies outlining the effectiveness and success of different 
boundary arrangements in achieving positive biosecurity outcomes. Future investment in such 
studies will be useful in understanding and analysing the relative and comparative success of 
different boundary arrangements. In particular, further quantitative and qualitative analysis of 
the boundary arrangements presented in this thesis would be valuable in drawing comparisons 
between arrangements at play in Europe and North America and those in Australia and may 
indicate what are the best practices and opportunities to improve Australian plant biosecurity. 162 
6.2 Significance of the work 
A wide range of host susceptibilities to the variety of diseases caused by P. ramorum were 
found across the 70 species tested in this study. Some of these species co-exist in Australian 
natural ecosystems with those found to produce inoculum (Fig. 6.1b), and many grow naturally 
or are present in the horticultural trade in climatically suitable areas, both in Australia (Fig. 
6.1a) and abroad. Together, these results indicate that if P. ramorum were introduced to novel 
ecosystems and plant industries in these climatically suitable areas there is potential for the 
pathogen to persist, spread and cause biodiversity loss and economic hardship. Similarly, where 
these host species are already prevalent in the horticultural trade and as garden plants and 
weeds, these hosts may contribute to the overall spread and epidemiology of P. ramorum. 
As an example, the potentially sporulating hosts E. viminalis and N. cunninghamii coexist with 
the potential foliar and branch canker host E. regnans in the moist Dandenong ranges, east of 
Melbourne, Victoria (AVH 2009). This area has been projected to have a highly favourable 
climate for P. ramorum establishment (Chapter 3; Fig 6.1). Eucalyptus viminalis and N. 
cunninghamii were identified as having high sporulation potentials, similar to the positive 
control species R. cv. Colonel Coen and U. californica. Interestingly, however, E. viminalis and 
N. cunninghamii were of lower foliar and branch susceptibility than these positive control 
species in this study. This could indicate these species are at a higher risk of sustaining non-
lethal sporulating infections and therefore are epidemiologically important hosts capable of 
insidiously spreading the pathogen in Australian nurseries and natural ecosystems. Similarly, E. 
regnans was the only host with high log susceptibility, comparable with the positive control 
species N. densiflorus. Therefore, if P. ramorum were to be introduced to the climatically 
suitable Dandenongs in Victoria it is likely that E. viminalis and N. cunninghamii may assume 
roles similar to L. kaempferi and R. ponticum in the UK and Northern Ireland (Brasier et al. 
2004; Brasier & Webber 2010; Forestry Commission 2011a) and N. densiflorus and U. 
californica in the North Pacific coast of the USA (Goheen et al. 2002; Davidson et al. 2005), 
respectively. Meanwhile, E. regnans may assume the role of the ‘dead-end’ Fagus and Quercus 
host species (Rizzo et al. 2002; Brasier et al. 2004).  163 
Likewise, in climatically favourable areas of the south west of Western Australia and in nursery 
environments around the world, A. flexuosa, which was also found to be comparable in 
sporulation potential to the positive control species tested, may be capable of spreading P. 
ramorum to other suitable hosts. Isopogon cuneatus and I. formosus were both identified as 
being of higher foliar susceptibility than R. cv. Colonel Coen, which is of concern given the 
conservation status of these species in Southwest Western Australia and their wide use in the cut 
flower trade of this region (Cochrane 2002). Isopogon formosus was additionally identified as a 
species with high sporulation potential and high branch susceptibility, similar to R. cv. Colonel 
Coen. Isopogon cuneatus and I. formosus also coexist with A. flexuosa in this region 
(Paczkowska & Chapman 2000), and therefore the pathogen could be spread among these 
species, and onto other novel hosts, if introduced to the area. Although bole canker experiments 
were not conducted for I. formosus, it is possible that the species is affected by all diseases 
caused by the pathogen, similar to how N. densiflorus is affected by the pathogen in the field 
(Davidson et al. 2003). In this case, not only is the host epidemiologically important for 
pathogen spread, but is important when considering biodiversity and structural change of plant 
communities as these hosts are killed by the pathogen. 
Spread of P. ramorum from potentially epidemiologically important native hosts such as A. 
flexuosa and I. formosus in Western Australia and E. viminalis and N. cunninghamii in 
Tasmania onto exotic Quercus species, may indicate risk to the truffle industry in climatically 
suitable regions of Australia. A number of Quercus species are grown in Australia as a part of 
the truffle industry (Lee 2008). One of the most common of these species, Q. ilex (Holm Oak), 
has been found to be a foliar and branch dieback host capable of producing large numbers of 
sporangia under natural conditions in Cornwall in the UK (Denman et al. 2005a) and a 
susceptible bole canker host (Sansford et al. 2009). One of the other most common species, Q. 
suber, has been shown to be of high bole canker susceptibility, also in the laboratory (Moralejo 
et al. 2009). If the pathogen were to spread to and affect this industry, substantial economic 
losses may result and the oaks could act as significant inoculum sources for surrounding native 
hosts. 164 
While no highly susceptible bole canker hosts native to Western Australia were identified in this 
study, the study was small, and therefore caution should be heeded when considering this region 
of Australia relatively safe from the potential devastating consequences of a P. ramorum 
invasion. South-west Western Australia is internationally recognised as a biodiversity hotspot 
(Myers et al. 2000), with higher rates of floristic endemism and biodiversity than the similarly 
Mediterranean Californian Floristic Province (3488 species) (Conservation International 2007), 
which encompasses the range of P. ramorum in Central and Northern California (University of 
California Geospatial Innovation Facility 2010). We tested only 12 of the 5710 described plant 
species present in the region (Paczkowska & Chapman 2000)(Table 6.1). Of these 12 West 
Australian native species tested, only three were of high foliar susceptibility, one of high branch 
susceptibility and one of moderate sporulation potential (Table 6.1). This work represents less 
than 0.25 % of the potential host range testing that could be conducted for this region. While not 
all of these species have been tested for their susceptibility to P. cinnamomi, studies have shown 
that 40 % (2284) of these species are susceptible to the pathogen, 14 % (800) of which are of 
high susceptibility. Similarly, we tested only 28 of the 2498 (0.01 %) described plant species 
from Tasmania (Duretto 2009+)(Table 6.1). Of these 28 Tasmanian native species tested, only 
four were of high foliar susceptibility, one of high bole canker susceptibility and two of 
moderate and two of high sporulation potential. At least 172 (0.06 %) of these species are 
known to be susceptible to P. cinnamomi infection (Podger & Brown 1990; Barker et al. 1995), 
again indicating the breadth of potentially susceptible species that could exist in Australia for P. 
ramorum. Importantly, while this study may not have identified a vast number of highly 
susceptible hosts, it is possible that they exist among the species that were not able to be tested. 
Therefore, prevention of entry of P. ramorum should be paramount in protecting Australian 
plant industries and ecosystems as long as this uncertainty holds and to protect those species 
already identified as susceptible hosts in this study. 
Regulations and protocols should not only be based on the biological knowledge of host range 
and climatic suitability, but also on analysis of the human, political science dimensions of how 
best to utilize and communicate this knowledge. Ultimately, human dimensions dominate all 
other aspects of the traditional disease triangle (Zadoks 2001). While the disease tetrahedron, 165 
and similarly the application of ‘boundary arrangement’ analysis, has traditionally been applied 
to Agricultural and land-use management systems where humans actively manage land and 
impose the consequences of their decisions on the systems upon which they work, this human 
dominance is equally valid in natural systems protection and ecology. 
Human mediated spread of P. ramorum has been found to be one of the most important factors 
in the rapid spread of the pathogen, be it spread and migrations via the nursery trade 
(Mascheretti et al. 2008; Goss et al. 2009b), or through increased prevalence of the pathogen on 
local and local scales associated with higher human densities (Cushman et al. 2008). Cushman 
and Meentemeyer (2008) found that P. ramorum more commonly occurred in soil on hiking 
trails used heavily by humans, than in soil from adjacent areas off trails, supporting their 
hypothesis that humans actively disperse the pathogen. This is a particularly salient example of 
the importance of human influence on the disease triangle given that the West Australian 
government is considering putting in a hiking trail through wilderness that is currently not 
infested with P. cinnamomi (Environmental Protection Agency 2011). Perhaps if the 
government were to engage more actively with ‘knowledge broker’ organisations such as the 
Dieback Working Group (DWG), analogous to COMTF in California, the threat of P. 
cinnamomi invasion in this pristine areas could be prevented, or at the very least managed more 
holistically with the active input and interpretation of scientific knowledge though concerned 
stakeholders. 
This study has made clear that much work remains for transdisciplinary approaches to the field 
of plant biosecurity. By engaging with experts in fields such as political science, sociology and 
economics, scientists can work to analyse quantitatively and qualitatively the best means of 
utilizing scientific outputs to ensure protection of our natural and economic plant resources. It is 
not enough anymore to simply produce scientific outcomes. It will be the challenge of current 
and future generations of plant biosecurity scientists to engage with the policy sphere, without 
losing scientific integrity. Through capacity building, further study, the formulation of best 
practice guidelines by both parties (scientists and politicians) and through both parties keeping 
an open mind, vast improvements can be gained not only in the field of plant biosecurity, but 166 
also in building a healthier science-policy interface in general. The predominant challenge will 
be in conquering the cultural and technical language differences of the academic fields from 
which we come (Alexander 2010), and the psychological roadblocks in our own minds. It would 
be mindful of funding bodies to support and actively encourage such research initiatives in the 
future, i.e. through the formation of specific grant funds with transdisciplinary stipulations, so 
that plant biosecurity initiatives can be strengthened into the future. 
6.3 Limitations of the work 
As in all scientific studies the work presented here was limited for a number of reasons, 
including availability of plant and pathogen material, logistical viability (i.e. financial, 
availability of staff and time constraints) and inherent limitations of the methods chosen. The 
limitations of the methods used to test the susceptibility and sporulation potential of the species 
tested in this study have been recognised and discussed at length in Chapters 2 and 3, while 
those of the climate modelling were discussed in Chapter 4. Meanwhile, in exploring the 
‘boundary arrangements’ in place in Europe and the USA for communicating P. ramorum 
science into policy it became apparent that much more work of an empirical nature would be 
valuable in order to truly ascertain the value of each of these arrangements. These studies will 
be vital in informing effective biosecurity programs in the future. 
A common limitation of the host range testing work is the validity and utility of the results when 
extrapolating to natural systems susceptibility. Differences were found between laboratory 
derived susceptibility and sporulation measures (Chapter 2 and 3) of hosts previously tested by 
Hüberli et al. (2006; 2008), confusing potential extrapolation efforts even further. The 
differences between the two studies may be due to varied environmental conditions between 
years, the use of different isolates/clonal lineages of P. ramorum and the use of different 
inoculation methods. Use of different individual plants may also have affected the responses of 
these plant species, although efforts were made to test the same P. undulatum plants as those 
used by Hüberli et al. (2006) and the L. scoparium was likewise collected from the same 
location (Hüberli et al. 2008). This highlights the importance of developing standardised host 167 
range methodologies for P. ramorum and a range of other important species, genera or even 
functional groups of pathogens. Standardisation would be valuable when comparing between 
studies, particularly if the methods incorporate the use of standard control host species and 
isolates of the pathogen. 
Despite any reservations as to the value derived from the use of such methods, they may be 
useful in identifying potential natural hosts. This is particularly salient given that many hosts 
which were originally found susceptible in laboratory conditions have now been found to be 
naturally infected (Murphy & Rizzo 2003; Hansen et al. 2005). Conversely, the very same work 
(Hansen et al. 2005) has been used to complete Koch’s postulates, ensuring that species found 
naturally infected by P. ramorum are recognized as proven hosts according to the USDA-
APHIS host list guidelines (see Section 1.5.1). Identification of potential host species has been 
cited by a number of sources (Cave et al. 2008; Denman et al. 2005c; Hüberli et al. 2008) as a 
crucial step in understanding the potential destructive implications of a P. ramorum introduction 
into novel environments. While the hosts tested here may not behave as they have in this study 
under natural conditions, the knowledge presented in this thesis is an important starting point. In 
areas where the species tested here are native or are prevalent in forestry or the horticultural 
trade, the potential susceptibilities presented could prove useful when planning surveys and 
potential control and management operations for P. ramorum, either to reduce the likelihood of 
its introduction or to manage or eradicate it should an incursion occur. 
In the foliar and branch susceptibility studies (Chapter 2 and 3), I chose to utilise only one 
isolate of P. ramorum. This decision was based on logistical viability and preliminary studies of 
comparative aggressiveness among the isolates which were available in the UC Davis Rizzo 
collection. Additionally, at the beginning of these studies there were no studies demonstrating 
definitive differences in the aggressiveness of different genotypes or isolates of P. ramorum in 
foliar inoculation studies (Tooley et al. 2004; Denman et al. 2005c). This lack of data similarly 
affected the climate modelling work (Chapter 4), allowing the study to only explore the 
differences between the genotypes based on one climatic parameter. The bioclimatic models in 
Chapter 4 were developed only for EU1 and a composite model with higher optimal 168 
temperature values for NA1, as no suitable data are available to my knowledge for NA2 
isolates. A recent study by Elliott et al. (2011) demonstrated that isolates of the NA2 and EU1 
lineages were the most aggressive of the three lineages in studies on detached Rhododendron 
leaves. These results, although presented after the thesis work was finished, supports the 
decision to use an NA2 isolate in the foliar and branch studies, as it may have allowed the study 
to pick up a wider range of potential hosts. While Elliott et al. (2011) also studied growth rates 
at different temperatures, they failed to test the limits of each isolate at a range of minimum and 
maximum temperatures which would have been most useful in developing the models presented 
in this thesis. The isolate used in the foliar and branch studies was also selected specifically 
because it was sourced from a highly susceptible host, a Rhododendron sp., found infected in a 
nursery. Isolates sourced from epidemiologically important or infectious (i.e. non-oak) hosts 
have been shown to be more aggressive than non-transmissive dead-end (i.e. oak) hosts in a 
recently published study of Hüberli and Garbelotto (2011), supporting the decision to use an 
isolate originating from an epidemiologically important host. 
6.3 Future research directions 
Future research directions from this thesis include: 
  Potentially repeating the experiments for a wider range of Australian native plant 
species to ascertain a more complete picture of risk or repeating with a specific 
ecoregion in mind to ascertain the specific risk to that region. A specified approach 
would allow for greater exploration of genotypic and phenotypic variation within 
species and genera and therefore an idea of the resilience of that region. These regions 
could be selected from those deemed highly climatically suitable in the CLIMEX 
model. 
  Updating the P. ramorum CLIMEX models as data becomes available. This could 
potentially eventuate in three distinct models of each genotype (EU1, NA1 and NA2), if 
enough biological data were to become available or be studied directly. 169 
  The methods and results of the CLIMEX model could be used to identify gaps in 
knowledge and aid in planning future experiments. For example, little is still known 
about how moisture limits P. ramorum growth, particularly in moister environments. 
Phytophthora ramorum may not be affected by high soil moisture or humidity, but 
presently few studies exist exploring this. Similarly, the rates at which P. ramorum 
responds to stress is still a grey area. Controlled studies could be conducted to ascertain 
such data and knowledge such as that of the coldest location where P. ramorum 
overwinters could be used as a comparative point. 
  Running the presented P. ramorum CLIMEX models under the effects of future climate 
scenarios to ascertain how the pathogen may behave under a changing climate. Future 
scenarios of the CliMond dataset (Kriticos et al. 2011) used to run the model are now 
available and are likely to be applied for 2030 and 2070 CSIRO and MIROC-H A2 
scenarios for P. ramorum shortly following submission of this thesis. 
  Incorporation of host range data (Chapters 2 and 3) into the climate suitability models 
(Chapter 4) to provide a better overview of potential risk of a P. ramorum incursion for 
Australian plant industries. This may be simple mapping of the results presented here 
together, or may be part of a more complex modelling process which requires further 
host and climate layers, such as those previously done by Meentemeyer (2004) and 
Václavik et al. (2010). 
  Studying boundary arrangements and communication strategies between scientists and 
policy makers in further detail, using P. ramorum as an example for plant biosecurity. 
As mentioned, these studies should be trans-disciplinary in nature and consider both 
qualitative and quantitative data. Comparative approaches with other plant pathogens 
and pests (e.g. P. cinnamomi or P. psidii) could also be conducted to provide further 
insight. 170 
6.4 Conclusion 
This study has clearly demonstrated that if an incursion of P. ramorum were to occur in a 
climatically favourable region with suitable native and exotic hosts in Australia it has the 
potential to cause significant economic and ecological damage to Australian forests, woodlands, 
heathlands and plant industries. Australia’s physical isolation and strict quarantine policies 
currently protect it from accidental introductions of P. ramorum and other plant pests. 
Nevertheless, as mentioned previously, these policies are continually challenged by the need to 
plot a consistent course between the benefits of lowering trade barriers and the concomitant 
increase in risks from the introduction of exotic pests and diseases (Old & Dudzinski 1998). 
Information from the susceptibility and sporulation potential trials (Chapter 2) and the branch 
and log susceptibility (Chapter 3) of the Australian species in this thesis will increase in value if 
incorporated into climate (Chapter 4) and spread models to predict the pathogen’s spread and 
impact on Australian and international nursery, horticultural and forestry industries and natural 
ecosystems should an incursion occur. Risk predictions generated by these models, and an 
understanding of the pathogen’s host range, will allow high risk areas to be targeted for early 
detection surveillance and protection and assist Australian and international regulators in 
developing appropriate quarantine protocols. 
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APPENDICES 
Appendix A: Isolate selection data 
The isolate Pr-510 was selected following three preliminary experiments conducted in October 
and November 2007 and April 2008, as it proved to be equally or more aggressive on R. cv. 
Colonel Coen, U. californica and some Australian host species. 
The response of R. cv. Colonel Coen and U. californica to inoculation by four P. ramorum 
isolates and a control agar plug was tested in the first two experiments. Three leaf replicates 
were tested per species in the first experiment (Fig. A.1) and five in the second experiment (Fig. 
A.2). Umbellularia californica was not tested in the third and final experiment. In this third 
experiment, three leaf replicates of R. cv. Colonel Coen and ten to fifteen leaf replicates of four 
Australian species were tested, for both nonwounded and wounded leaf responses to P. 
ramorum inoculations (Figs A.3 and A.4). The Australian species tested, A. flexuosa, B. 
herophylla, C. cv. Sister Dawn and H. violaceae, were obtained from the UC Davis Arboretum; 
while R. cv. Colonel Coen and U. californica were obtained from the UC Davis glasshouse and 
UC Davis Arboretum, respectively. The P. ramorum isolates tested were Pr-52 and Pr-106 of 
the NA1 genotype, and Pr-492 and Pr-510 of the NA2 genotype, all sourced from the UC Davis 
Rizzo Laboratory Collection. Inoculation and disease parameterisation methods followed those 
outlined in Chapter 2 for detached leaf inoculations. 194 
 
Figure A.1 Response of nonwounded detached leaves of Rhododendron cv. Colonel Coen and 
Umbellularia californica to inoculation with four different isolates of Phytophthora ramorum as 
a measure of percent leaf necrosis ± standard error (a) and percentage of leaves infected (b). 
Data points are means of three leaves per species. 
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Figure A.2 Response of nonwounded detached leaves of Rhododendron cv. Colonel Coen and 
Umbellularia californica to inoculation with four different isolates of Phytophthora ramorum as 
a measure of percent leaf necrosis ± standard error (a) and percentage of leaves infected (b). 
Data points are means of five leaves per species. 
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Figure A.3 Response of nonwounded detached leaves of Rhododendron cv. Colonel Coen and 
four Australian native plant species to inoculation with four different isolates of Phytophthora 
ramorum as a measure of percent leaf necrosis ± standard error (a) and percentage of leaves 
infected (b). Data points are means of three leaves for R. cv. Colonel Cohen, ten for Correa cv. 
Sister Dawn and Hedycarya violaceae and fifteen for Agonis flexuosa and Billarderia. 
heterophylla. 
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Figure A.4 Response of wounded detached leaves of Rhododendron cv. Colonel Coen and four 
Australian native plant species to inoculation with four different isolates of Phytophthora 
ramorum as a measure of percent leaf necrosis ± standard error (a) and percentage of leaves 
infected (b). Data points are means of three leaves for R. cv. Colonel Cohen, ten for Correa cv. 
Sister Dawn and Hedycarya violaceae and fifteen for Agonis flexuosa and Billarderia. 
heterophylla. 
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Appendix B: Insecticide treatment results 
A preliminary test was undertaken in June 2009 to ascertain the effect of insecticide applications 
on foliar and branch susceptibility to P. ramorum and its ability to produce sporangia on Agonis 
flexuosa, Corymbia ficifolia, Eucalyptus sideroxylon, E. viminalis and R. cv. Colonel Coen. 
These hosts were collected from the UC Davis Arboretum for this study, transported to UC 
Santa Cruz for spraying and returned to Davis to conduct the experiments following the 
methods of Chapter 2 and 3.This work was undertaken as it was necessary for plants from the 
UC Santa Cruz Arboretum to be visually inspected and treated with insecticide before shipping 
to UC Davis, in accordance with California’s Light Brown Apple Moth (Epiphyas postvittana) 
quarantine regulations at the time. 
As mentioned previously (Section 2.2.2 and 3.2.3), insecticide treatments were made up in 
water with either DiPel (B. thuringiensis; Abbot Laboratories) at 1.6 to 3.9 ml L
-1 of water and 
Vegol (canola oil; Lilly Miller Brands) at 3.9 to 19.5 ml L
-1 or Sunspray Oil (Paraffinic Oil; Sun 
Refining and Marketing Co.) at 6.5 ml L
-1 for the “summer” inoculations, and with Conserve SC 
(Spinosad; Dow Agrosciences LLC) at 1.7 ml L
-1 and Bonide All Seasons Spray Oil (Petroleum 
Oil) at 10 ml L
-1 for the “winter” inoculations. The negative control in this study was no spray 
application. Species were rinsed well with deionised water upon arrival in Davis to remove the 
insecticides. 
The effect of the individual insecticides was only tested for those treatment combinations for 
which that particular insecticide was applied over the course of the experiment. Therefore, the 
effect on nonwounded foliar susceptibility and branch susceptibility was tested for both 
insecticides, B. thuringien sis (BT) and Spinosad (Figs B.1 and B.2), while the effect on 
wounded foliar susceptibility was only tested for BT (Fig. B.3) and the effect on sporangia 
production only tested for Spinosad (Fig. B.4). 
Statistical analysis was performed with SAS software (version 9.1; SAS Publishing, Cary, NC), 
using the same fixed effects multivariate methods used in Chapters 2 and 3 for effects on foliar 
and branch susceptibility (Figs B.1 - B3). Briefly, leaf and branch infection was analysed using 
a binomial generalised linear model with a logit link and disease severity was analysed using a 199 
log + 0.01 transformation and a general linear model. Analysis of variance (ANOVA) was used 
to test significance of insecticide treatment on leaf infection, the number of sporangia produced 
and proportion of leaves producing sporangia parameters for sporangia potential studies (Fig. 
B.4) using JMP software (version 8.0, SAS Publishing, Cary, NC). 
No significant (P > 0.05) effect of either insecticide was found for leaf infection and disease 
severity on nonwounded leaves overall, or for any specific insecticide treatment*species 
interaction (Fig. B.1). Similarly, no overall or species specific effects (P > 0.05) on branch 
susceptibility (Fig. B.2) or sporangia producing potential parameters of leaf/branch infections 
and disease severity (Fig. B.4) were found either. While disease severity was not significantly 
(P > 0.05) affected by insecticide treatment for the wounded leaves, leaf infection was 
significantly higher in those leaves which were not sprayed by BT (P < 0.01). Closer 
examination showed that this significance only held for E. sideroxylon (P < 0.01), which was 
found to be a highly variable species throughout the course of these studies. 
It is difficult to ascertain whether these differences fo E. sideroxylon are solely due to the 
insecticide or a measure of the variability of host responses to P. ramorum inoculation. This 
variability is similar to that experienced in the studies presented in this thesis within individual 
experiments. Therefore, given there were no significant differences as a result of insecticide 
treatment overall and that the statistical analyses used in Chapters 2 and 3 utilised fixed effects 
to take into account the effect of the site that the plant material was collected from it was 
concluded that insecticide treatment did not significantly affect the overall results. 
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Figure B.1 Effect of insecticide spray on the response of nonwounded detached leaves of 
Rhododendron cv. Colonel Coen and four Australian native plant species to inoculation with 
Phytophthora ramorum as a measure of percent leaf necrosis ± standard error (a) and percentage 
of leaves infected (b). Data points are means of five leaves for Corymbia maculata, Eucalyptus 
viminalis and R. cv. Colonel Coen and ten for Agonis flexuosa and E. sideroxylon. 
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Figure B.2 Effect of insecticide spray on the response of detached branches of Rhododendron 
cv. Colonel Coen and four Australian native plant species to inoculation with Phytophthora 
ramorum as a measure of the mean lesion length ± standard error (a) and percentage of leaves 
infected (c). Data points are means of five leaves for Corymbia maculata, Eucalyptus viminalis 
and R. cv. Colonel Coen and ten for Agonis flexuosa and E. sideroxylon. 
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Figure B.3 Effect of insecticide spray on the response of wounded detached leaves of 
Rhododendron cv. Colonel Coen and four Australian native plant species to inoculation with 
Phytophthora ramorum as a measure of percent leaf necrosis ± standard error (a) and proportion 
of leaves infected (b). Data points are means of five leaves for Corymbia maculata, Eucalyptus 
viminalis and R. cv. Colonel Coen and ten for Agonis flexuosa and E. sideroxylon. 
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Figure B.4 Effect of insecticide spray on the response of nonwounded detached leaves of 
Rhododendron cv. Colonel Coen and four Australian native plant species to inoculation with 
Phytophthora ramorum as a measure of the number of sporangia ± standard error (a), proportion 
of leaves with sporangia (b) and proportion of leaves infected (c). Data points are means of five 
leaves for Corymbia maculata, Eucalyptus viminalis and R. cv. Colonel Coen and ten for Agonis 
flexuosa and E. sideroxylon.   
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Appendix C: Chapter 4 supplementary material 
 
Figure C.1 Global growth index (GI; climatic suitability without stress) for Phytophthora 
ramorum under the 1991-1990 climate normals, as modelled using CLIMEX. Climatic 
conditions are classified as being unfavourable for growth when GI = 0, marginally favourable 
when GI = 1 -5, moderately favourable when GI = 6 – 25 and highly favourable when GI > 25. 
The GI does not factor in climatic stress and therefore does not represent the potential 
distribution of P. ramorum, only growth during non-stressful periods of the year 
 
 
Figure C.2 Global cold stress (CS) for Phytophthora ramorum under the 1991-1990 climate 
normals, as modelled using CLIMEX. Where CS = 0, cold does not limit the distribution of P. 
ramorum and where CS > 0 cold stress is represented by a factor of 1000, with increasing 
limitation as CS increases. 205 
 
 
Figure C.3 Global heat stress (HS) for Phytophthora ramorum under the 1961-1990 climate 
normals, as modelled using CLIMEX. Where HS = 0, heat does not limit the distribution of P. 
ramorum and where HS > 0 heat stress is represented by a factor of 1000, with increasing 
limitation as HS increases. 
 
 
Figure C.4 Global dry stress (DS) for Phytophthora ramorum under the 1961-1990 climate 
normals, as modelled using CLIMEX. Where DS = 0, arid conditions do not limit the 
distribution of P. ramorum and where DS > 0 arid conditions are represented by a factor of 
1000, with increasing limitation as DS increases. 
 206 
 
Figure C.5 Global wet stress (WS) for Phytophthora ramorum under the 1961-1990 climate 
normals, as modelled using CLIMEX. Where WS = 0, moist conditions do not limit the 
distribution of P. ramorum and where WS > 0 cold stress is represented by a factor of 1000, 
with increasing limitation as WS increases. 
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Figure C.6 Ecoclimatic suitability (a,b) and growth index (c,d) for Phytophthora ramorum in 
the USA, as modelled using CLIMEX parameters of Venette et al. (2006) (a,c) and the 
composite model of Ireland (Chapter 4) (b,d). Climatic conditions are classified as being 
unfavourable for growth when GI = 0, marginally favourable when GI = 1 -5, moderately 
favourable when GI = 6 – 25 and highly favourable when GI > 25. The GI does not factor in 
climatic stress and therefore does not represent the potential distribution of P. ramorum, only 
growth during non-stressful periods of the year. 
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Summary
Phytophthora ramorum is an invasive plant pathogen and the cause of considerable and widespread damage in nurseries, gardens and natural
woodland ecosystems of the USA and Europe. It is considered to be a signiﬁcant plant disease as it could cause biodiversity loss and severe
economic losses in plant industries in areas where it is not yet known to exist, such as Australasia. Foliar susceptibility and sporulation
potential were tested using detached-leaf assays for 70 Australian native plant species sourced from established gardens and arboreta in
California using a NA2 isolate of P. ramorum. Correa Sister Dawn, Eucalyptus regnans, Isopogon cuneatus, I. formosus, Leptospermum
scoparium, L. lanigerum and Melaleuca squamea were identiﬁed as potentially highly susceptible host species. Hedycarya angustifolia, Olearia
argophylla, Phyllocladus aspleniifolius, Pittosporum undulatum and Podocarpus lawrencei were identiﬁed as potentially resistant. All 70 species
were able to be infected with P. ramorum, as conﬁrmed by reisolation. Putative sporulating hosts include ﬁve members of the Myrtaceae, Agonis
ﬂexuosa, Corymbia ﬁcifolia, Eucalyptus haemastoma, E. delegatensis and E. viminalis. As a part of a precautionary strategy, the potentially highly
susceptible species found in this study are suitable candidates for targeted surveillance programmes in high-risk incursion areas of Australia
and within the global horticultural trade.
1 Introduction
Phytophthora ramorum is an invasive plant pathogen causing widespread damage in nurseries, gardens and natural woodland
ecosystemsoftheUSAandEurope(Werreset al.2001;Rizzoet al.2005;BrasierandWebber2010).Itisclassiﬁedasacategory1
plant pest risk to Australian plant biosecurity (i.e. a pest that if not eradicated would cause major damage to both natural
ecosystems and plant industries⁄amenity ﬂora) (Plant Health Australia 2006) and is internationally recognized as a plant
biosecurity threat. At least 68 countries, including South Korea, Canada, Mexico, Taiwan and New Zealand, have established
quarantine policies and protocols against plant materials from areas known to have the pathogen (Sansford et al. 2009). Spread
throughtheinternational nurserytrade(Brasier2008),P. ramorumcancompletelyalternaturalecologicallandscapesand cause
considerable economic losses (Rizzo et al. 2005; Dart and Chastagner 2007; Cobb et al. 2010). In the USA alone, it has caused
extensivemortalityoftreesandshrubsinnaturalwoodlandsofCaliforniaandOregon(Meentemeyeret al.2008),anditspresence
hasimposedsigniﬁcanteconomiccostsandhardshipsonnurseryoperatorswithinquarantineareasaﬀectedbythedisease(Dart
and Chastagner 2007). It is of particular interest to Australian plant biosecurity as, like P. cinnamomi, another invasive
PhytophthoraspeciescausingseverediebackinAustralia(EnvironmentAustralia2001;Sheareret al.2007),ithasthepotentialto
become a major economic and ecological threat in areas with susceptible hosts and suitable climates.
The known worldwide host range of P. ramorum continues to grow, with more than 120 species of trees, shrubs and herbs
(encompassing more than 25 plant families) aﬀected in wildlands and nurseries of Europe and North America (RAPRA 2007;
USDA-APHIS 2010), all of which must be managed according to their susceptibility and ability to drive potential epiphytotics.
For example, more than a decade after it was ﬁrst discovered in natural woodlands of the UK, two epidemiologically important
sporulating hosts, Vaccinium myrtillus in heathlands (Sansford et al. 2010) and Japanese larch (Larix kaempferi) in plantations
(Brasier and Webber 2010) have been discovered, increasing the mortality rates of susceptible plant species considerably and
resulting in further management and quarantine eﬀorts to contain the pathogen.
Two Australian host species, Eucalyptus haemastoma (Scribbly Gum) and Pittosporum undulatum (Sweet Pittosporum), have
been listed as associated hosts of P. ramorum, based on ﬁeld observations and pathogenicity tests in the USA and Europe
(Hu ¨berli et al. 2006; RAPRA 2007). In addition, Eucalyptus gunnii (Cider Gum) and E. dalrympleana (White Mountain Gum)
have been found to be susceptible using artiﬁcial inoculation methods in the UK and Spain (Denman et al. 2005a; Moralejo
et al. 2009). Similarly, E. regnans has been identiﬁed as a potential bole canker host, and a range of potential Australian branch
hosts were identiﬁed in studies conducted in California (Ireland et al. 2011). Given the wide and increasing host range of
P. ramorum and evidence of a multiple-host method of dispersal (Moralejo et al. 2006), it is expected that many more
Australian native plant species are potentially susceptible and sporulating hosts.
Phytophthora ramorum causes three distinct diseases on susceptible plants: Ramorum Leaf Blight, Ramorum Shoot Dieback
and Sudden Oak Death (characterized by lethal bole cankers) (Hansen et al. 2005). While all components of the disease are
For. Path. doi: 10.1111/j.1439-0329.2011.00755.x
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transmission of the pathogen in the UK (Rhododendron spp.) and California (Umbellularia californica, California Bay Laurel; and
Notholithocarpus densiﬂorus, Tanoak) by providing key sources of inoculum that drive epiphytotics (Goheen et al. 2002; Brasier
et al. 2004; Davidson et al. 2005). Detached foliar assays have been used by a number of authors to assess susceptibility and
sporulation potential of a range of species to P. ramorum in vitro (Parke et al. 2002; Denman et al. 2005a; Hansen et al. 2005;
Denman et al. 2006a; Hu ¨berli et al. 2008). These methods have been conﬁrmed as a good indicator of ﬁeld susceptibility when
compared with natural infection and other methods of inoculation (Hansen et al. 2005).
Australian quarantine restricts the entry of all materials that fall into known host genera of P. ramorum, from areas known to
have the pathogen (Sansford et al. 2009). Given our incomplete knowledge of the host range and geographical origin of
P. ramorum, research into the potential host range of Australian native species was undertaken to make an accurate
assessment of the risk that it may pose to Australian and international plant biosecurity. Detached foliar assays were used to
assess the susceptibility and sporulation production potential to P. ramorum of a range of Australian native species
representative of climatic zones in Australia where the pathogen is predicted to survive and sporulate. Because of the
quarantine status of the pathogen in Australia, all assays were conducted in Davis, California, on Australian plant material
sourced from established gardens and arboreta throughout Northern California. The results of these assays are discussed and
related to quarantine and management recommendations for Australian and international plant biosecurity.
2 Materials and methods
2.1 Experimental design
In vitro leaf inoculations of Australian native plants were used to determine potential foliar susceptibility to P. ramorum and
sporangia production potential in 23 experiments between April 2008 and October 2009 at Davis, California, USA (Table 1).
Potential foliar susceptibility was tested by examining measures of disease incidence, severity and infectivity over 16
experiments, eleven of which were conducted under summer conditions and ﬁve of which were conducted under winter
conditions. Sporulation potential on the foliage was tested over four experiments in spring (May⁄June) 2009, and the inﬂuence
of temperature on sporulation potential was tested in two experiments in October 2009.
Table 1. Details of detached foliage experiments used to test the susceptibility and sporulation potential of native Australian plant species to
Phytophthora ramorum.
Experiment Year Month started Location
Inoculation
group⁄season Non-wounded Wounded No. of species
1
Susceptibility tested using leaf dip inoculation (69)
F-01 2008 April UCD Summer  8
F-02 2008 May SFBG Summer  9
F-03 2008 May SFBG Summer  7
F-04 2008 May SFBG Summer  11
F-05 2008 June UCD Summer  6
F-06 2008 June UCB Summer  14
F-07 2008 June UCSC Summer  15
F-08 2008 June UCSC Summer  14
F-09 2008 July UCSC Summer  14
F-10 2008 Nov UCD Winter  14
F-11 2008 Nov SFBG Winter  24
F-12 2008 Dec UCB Winter  12
F-13 2009 Jan UCSC Winter  17
F-14 2009 Jan UCSC Winter  23
F-15 2009 May UCSC Summer  4
Susceptibility of lilioid monocot species tested using agar plug inoculation (3)
A-01 2008 June UCSC Summer  3
Inoculum concentration study (5)
I-01 2009 Jan UCSC Winter  5
Sporulation potential (28)
S-01 2009 May UCD Spring  6
S-02 2009 May SFBG Spring  12
S-03 2009 May UCSC Spring  11
S-04 2009 June UCSC Spring  8
Temperature and sporulation potential
T-01 2009 Oct UCD Autumn  3
T-02 2009 Oct UCD Autumn  3
SFBG, San Francisco Botanical Garden & Strybing Arboretum; UCB, University of California (UC) Berkeley Gardens; UCD, UC Davis Arbo-
retum; UCSC, UC Santa Cruz Arboretum. (d) indicate which leaf treatments (non-wounded and⁄or wounded) were included in the
experiment.
1Total number of species in brackets for each experiment type, species were replicated over inoculation groups and some had multiple
individual plants tested per species. Positive control species Rhododendron Colonel Coen was included in all experiments and Umbellularia
californica was included in all sporulation experiments.
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Isolate Pr-510 (University of California (UC) Davis, D. Rizzo Laboratory Culture Collection) of the NA2 lineage, isolated from
Rhododendron roots from a nursery in Sacramento in 2006, was used in all experiments. It was shown to be highly pathogenic
on both U. californica and Rhododendron cultivar Colonel Coen and fast growing on both one-third-strength clariﬁed V8 juice
agar (Campbell Soup Company, Camden, NJ, USA; 66 ml of clariﬁed V8 juice and 17 g of agar⁄l) and the Phytophthora-selective
medium, pimaricin–ampicillin–rifampicin–pentachloronitrobenzene agar (PARP) (Jeﬀers and Martin 1986), when compared
with other isolates, including the commonly used NA1 genotype isolate Pr-52 (Hu ¨berli et al. 2008) (data not shown). The
isolate was passaged through detached R. Colonel Coen leaves at the beginning of each inoculation group (i.e. summer and
winter) to maintain pathogenicity and maintained on PARP. Inoculum was cultured on one-third-strength clariﬁed V8 juice
agar. Zoospores were produced using a modiﬁed method of Parke et al. (2002). Brieﬂy, plugs of mycelia were removed from
5-day-old cultures, transferred to a sterile soil water solution and incubated for 48 h at 20 C in the dark. Once sporangia were
observed, zoospores were obtained by decanting plugs and soil water solution into a sterile beaker, cold shocking them in the
refrigerator at 7 C for 1 h and then returning them to room temperature for 75–90 min to induce zoospore release. The
resulting zoospore suspension was ﬁltered through four layers of cheesecloth into a sterile beaker. A 1-ml subsample of
inoculum was vortexed to initiate zoospore encystment, and the concentration of the zoospore suspension was determined
with a haemocytometer. The concentration of each suspension was adjusted to approximately 2 · 10
4 zoospores⁄ml. To
determine viability and possible dilution of inoculum because of continued leaf-dipping, three aliquots of 10 ll of the
suspension in each beaker were spread onto PARP agar plates before, mid-way through and at the end of each leaf-dipping
session. These plates were incubated at 20 C for 2–4 days in the dark, and the number of colony-forming units was counted.
2.3 Host plants and preparation of plant material
Seventy Australian native plant species within 24 families and 43 genera were sourced from mature healthy plants in
established gardens and arboreta in Northern California: San Francisco Strybing Arboretum, University of California (UC)
Berkeley Botanical Garden, UC Davis Arboretum and UC Santa Cruz Arboretum. Species were selected from areas in their
natural Australian range considered to have climates suitable for P. ramorum survival, based on observations of suitable
climate for the pathogen in the USA and Europe, and a preliminary CLIMEX (Sutherst et al. 2007) model was developed by E.A.
Pinkard and I.W. Smith (personal communication) using the parameters published by Venette and Cohen (2006), as well as for
their ecological and economic importance to Australian plant industries. Individuals of a species were duplicated where
possible from diﬀerent locations or accessions (plant material was limited by the extent of the botanical collections) to give a
total of 135 individual plants tested. The known susceptible host R. Colonel Coen (kept in controlled environment facilities
and greenhouses at UC Davis) was used as a positive control species in all experiments to conﬁrm pathogenicity of P. ramorum.
Likewise, U. californica (sourced from a private garden in Davis, California) was included in all sporangia production
experiments and in one foliar susceptibility experiment (F-15; Table 1) as a positive control species.
Branches of each individual were collected the day before inoculations were undertaken, and cut stems and branches were
kept in deionized water overnight. Before inoculation, leaves were cut at the base of the petiole from branches, rinsed with
deionized water and placed on paper towels to air-dry. Mature, fully-expanded leaves were used for all species. Juvenile-aged
leaves were tested for 24 of the test species, as well as for R. Colonel Coen. Juvenile leaves were included to account for overall
susceptibility of the test plants and to test for diﬀerences in susceptibility between leaf ages.
Plants from the UC Santa Cruz Arboretum were visually inspected and treated with insecticide before shipping to UC Davis,
in accordance with Californias Light Brown Apple Moth (Epiphyas postvittana) quarantine regulations at the time. Insecticide
treatments were made up in water with either DiPel (Bacillus thuringiensis; Abbot Laboratories, Chicago IL, USA) at 1.6–
3.9 ml⁄l of water and Vegol (canola oil; Lilly Miller Brands, Clackamas OR, USA) at 3.9–19.5 ml⁄l or Sunspray Oil (Paraﬃnic Oil;
Sun Reﬁning & Marketing Co., Philadelphia PA, USA) at 6.5 ml⁄l during the summer and with Conserve SC (Spinosad; Dow
Agrosciences LLC, Indianapolis IN, USA) at 1.7 ml⁄l and Bonide All Seasons Spray Oil (Petroleum Oil, Oriskany, NY, USA) at
10 ml⁄l during the winter inoculations. These species were rinsed well with deionized water upon arrival in Davis to remove
the insecticides. A preliminary test (data not shown) showed that insecticide applications did not signiﬁcantly inﬂuence host
susceptibility to P. ramorum for Agonis ﬂexuosa, Corymbia ﬁcifolia, Eucalyptus sideroxylon, E. viminalis and R. Colonel Coen.
2.4 Susceptibility testing
Foliage of 69 of the 70 Australian plant species studied was tested for susceptibility to P. ramorum using a detached-leaf dip
assay adapted from a method of Parke et al. (2002) and modiﬁed by Denman et al. (2005a) over 15 of the 16 foliar
susceptibility experiments (Table 1). Host plants were divided into three leaf categories, namely needle-like conifer, broad-leaf
and odd-leaf species – according to foliage morphology so as to allow for diﬀerent disease assessment methods; and two
treatment groups, wounded and non-wounded. Odd-leaf species were those with asymmetrical (i.e. highly lobed species such
as Brachychiton populneus) or small (often <1 cm in length) leaves, making inter-comparison with other species very diﬃcult.
Leaves were dipped in inoculum to an approximate mid-way point on each leaf for 1 min each. Two conifers, Phyllocladus
aspleniifolius and Podocarpus lawrencei, were treated as broad-leaf species and the other two, Callitris rhomboidea and
Lagarostrobus franklinii, were treated as needle-like conifers. The needle-like conifers were inoculated to the mid-way point of
each needle, with wounded inoculations conducted by excising approximately 1 mm of the needle tips before inoculation.
Broad-leaf-wounded inoculations were conducted by cutting oﬀ the petiole, making two v-shaped incisions in the basal half of
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wounded distal half of the leaf. Odd leaves were inoculated in the same manner as broad-leaf species. Non-inoculated control
leaves of each species and treatment group were dipped in sterile deionized water.
Xanthorrhoea australis, a perennial long-lived monocot species with long narrow leaves (2–4 mm diam), was tested by
placing a P. ramorum colonized agar plug (2 mm diam) over a wound created by a 15 gauge (approximately 1.8 mm diam)
hypodermic needle and attached to the leaf. Lomandra longifolia and Xanthorrhoea preissii, tested using the leaf dip method,
were also inoculated in this manner to test the potential suitability of this inoculation method for the grass-like, lilioid monocot
species.
Three to 24 hosts were tested in any one experiment, based on collection from common locations, plant family and easy
management of material (Table 1). Experiments were conducted during two inoculation periods, deﬁned as summer and
winter, as the material was collected in warmer or cooler months of the year, respectively (Table 1), and the inoculation
chamber conditions were regulated to reﬂect these seasons. Broad-leaf and conifer inoculations were performed in both
inoculation periods. Odd-leaf species and the eﬀect of wounding were assessed only during the summer inoculations.
Summer experiments were carried out from April to July of 2008 and in May 2009, while winter experiments were carried
out from November 2008 to January 2009. Ten to twenty leaves of each individual plant were inoculated in the summer studies
and ten to ﬁfteen leaves in the winter studies. Inoculated material was placed on raised mesh trays in moist transparent
plastic chambers and kept in temperature-controlled facilities (PGR15, 2002; Conviron Controlled Environment Ltd, Winnipeg,
MB, Canada) with cyclic regimes of 20–25 C and 16 h photoperiod during summer inoculations and 15–20 C and 12 h
photoperiod during winter inoculations. Lower temperatures occurred during dark periods overnight, to simulate natural
conditions. Chambers were checked regularly throughout the experiment and sprayed when necessary with deionized water to
ensure that they remained moist and humid. At the end of each experiment, all leaves were scanned using a ﬂatbed scanner to
obtain a digital record of lesion size, and two or more pieces of plant tissue (approximately 4–10 mm
2) per leaf were then
plated onto PARP to conﬁrm infection by P. ramorum. Leaves were surface sterilized in 70% ethanol for 30 s, rinsed in sterile
deionized water and isolations were made from the margins of lesions when present; otherwise, pieces were selected
randomly from the inoculated area.
Response of the hosts to P. ramorum was assessed by adapting the methods of Denman et al. (2005a). Three parameters
were used to evaluate disease development 6–8 days after inoculation. Disease incidence (parameter 1) was a record of
presence or absence of necrosis, based on visual inspection only. Disease severity (parameter 2) was recorded as a proportion
of necrotic needles per shoot for coniferous hosts (C. rhomboidea and L. franklinii) and as a measure of the percentage necrotic
surface area for odd- and broad-leaf hosts, calculated from the scanned digital images taken at the completion of the
experiment using the image analysis software ASSESS v1.01 (APS Press, St Paul, MN, USA). For the three lilioid monocot species
inoculated with an agar plug, lesion length along the length of the leaf was recorded as a measure of disease severity 7 days
after inoculation. Leaf infection (parameter 3) was an indication of presence or absence of P. ramorum infection per leaf, as
conﬁrmed by reisolation, allowing for calculation of the proportion of infected leaves for all species.
2.5 Inoculum concentration study
During winter, January 2009, the eﬀect of inoculum concentration was tested on ﬁve broad-leaf hosts (Corymbia ﬁcifolia, Correa
reﬂexa, Eucalyptus denticulata, Isopogon cuneatus and Lomatia myricoides; one plant each) sourced from the Santa Cruz
Arboretum (Table 1), which were shown to be highly susceptible from previous experiments. The positive control R. Colonel
Coen was also tested. Inoculations were as described earlier, using only non-wounded leaves, with concentrations of inoculum
made to 2 · 10
2,2· 10
3 and 2 · 10
4 zoospores⁄ml. Leaves were placed directly onto moist paper towels and kept in a moist
chamberatroomtemperatureunderlaboratorylightconditions(approximatelya12-hphotoperiod)inthelaboratoryfor6 days.
2.6 Sporulation potential study
Twenty-four broad-leaf and four odd-leaf Australian species (Acacia dealbata, Dicksonia antarctica, Isopogon formosus and
Leptospermum scoparium) were selected for further studies of sporulation potential based upon their position in the canopy,
prevalence in the nursery trade, previous susceptibility and their provenance from moist Australian environments suitable for
P. ramorum spread (see Table 4). Mid- to upper-canopy species were preferentially selected as it was assumed, based on the
Californian and UK epiphytotics, that rain-splash and wind-driven inoculum from these heights would be more likely to reach a
wider range of hosts across a forest and present a signiﬁcant ephiphytotic risk. Individuals of a species were duplicated where
possible from diﬀerent locations or accessions, to give a total of 37 individual plants tested. These leaves were collected, stored
and prepared as previously described. Seven to twelve host plants were tested in any one experiment, forming four inoculation
groups, from May to early June of 2009 (Table 1). The timing of the studies coincided with the end of the rainy season in
Northern California, when high rates of sporangia production have been recorded (Davidson et al. 2005). The positive controls
R. Colonel Coen and U. californica were included in each experiment. An additional ﬁve juvenile leaves were collected from
Acmena smithii, A. ﬂexuosa, C. ﬁcifolia, Eucalyptus globulus, E. haemastoma, E. viminalis and P. undulatum to test for potential
eﬀects of leaf age on these species.
Sporulation potential was tested using a method adapted from Denman et al. (2006a). Leaves were placed on racks in moist,
transparent chambers, and up to 100 ll of inoculum (2 · 10
4 zoospores⁄ml) was applied as a drop of ﬂuid close to the midrib
on the abaxial surface of non-wounded leaves. Non-inoculated control leaves were treated with sterile water only. Leaves were
incubated at a constant 20 C with a 16-h photoperiod in temperature-controlled facilities (PGR15, 2002; Conviron Controlled
4 K. B. Ireland, D. Hu ¨berli, B. Dell et al.Environment Ltd). The inoculum drop was removed after 24 h using a paper tissue. Chambers were kept moist by spraying
regularly with deionized water. Nine days after inoculation, a large drop of sterile deionized water, suﬃcient to cover the lesion
or inoculation area, was placed on each leaf for 24 h, after which the water droplets were removed from the leaves and
transferred to 2-ml microtubes. The leaf surface below the droplet was gently scraped with a rounded scalpel blade (No. 24) to
free sporangia from the leaf surface. A 200-ll drop of sterile water was placed on the inoculum spot to suspend the scrapings,
then removed and added to the microtube using a pipette. This was repeated once more for the abaxial side and then once
again for the adaxial side of the leaf to capture any additional sporulation on this surface. A 5-ll drop of cotton blue (5%; C.I.
42780) in lactophenol was added to each tube, and the tubes were placed in a refrigerator at 7 C until counting could take
place, from 1 day to 6 months later. Leaves were then scanned using a ﬂatbed scanner to record lesion size and returned to
their moist chambers for a further 5 days. After 15 days, the leaves were scanned again, to capture any increase in lesion size
during this time, and then destructively sampled to conﬁrm infection by P. ramorum. Two pieces of tissue (approximately 4–
10 mm
2) from the lesion or inoculation area per leaf were plated onto PARP to conﬁrm infection by P. ramorum.
Sporangial suspensions were centrifuged at 1585 g for 3 min, and all excess liquid removed. The remaining 20–100 llo f
liquid was agitated using a vortex stirrer for 30 s, and one to four drops of 20 ll each dispensed onto glass slides for counting.
Sporangia were counted for each leaf using a compound microscope at 50 · or 100 · magniﬁcation, depending on the
concentration of the suspension. Because of relatively high concentrations of sporangia on the positive control R. Colonel
Coen, an approximate count of sporangia was made. This was performed by reducing the suspension to a 1-ml solution by
centrifuging and pipetting, agitating the solution using a vortex stirrer and inversion, and then calculating an approximate
sporangia count based on the average of three 20-ll aliquots of solution. Leaves were assessed based upon presence or
absence of sporangia, as well as the number of sporangia per lesion, or inoculation point (if no lesion present) and the number
of sporangia produced per cm
2 of lesion area per leaf.
2.7 Temperature and sporulation potential
During autumn, October 2009, the eﬀects of temperature and incubation period were tested for three Australian native species
(Table 1), known from our studies to produce sporangia: Agonis ﬂexuosa, Corymbia maculata and Eucalyptus viminalis. All were
sourced from UC Davis, and the study included the positive control species R. Colonel Coen and U. californica. Five fully-
expanded mature leaves of all species, including the positive controls, and three to ﬁve juvenile leaves of the Australian species
were inoculated, incubated and harvested as described earlier for the sporangia potential study. Leaves were incubated at
three constant temperatures (15, 20, and 25 C) and for three time periods (3, 6 and 9 days), with a 16-h photoperiod. All
leaves were moistened with a large drop of sterile deionized water suﬃcient to cover the lesion or inoculation area that had
already developed at least 24 h before harvesting the sporangia and at 2, 5 and 8 days. The experiment was repeated once.
2.8 Statistical analysis
Statistical analysis of susceptibility and sporulation potential was performed with SAS software (version 9.1; SAS Publishing,
Cary, NC) using ﬁxed eﬀects multivariate methods. Disease incidence (parameter 1) and leaf infection (parameter 3) were
analysed using a binomial generalized linear model with a logit link. Disease severity (parameter 2) was analysed using a
log + 0.01 transformation and a general linear model. Use of these multivariate methods allowed for comparison across an
unbalanced data set, utilizing all of the data in the one statistical run per parameter and weighting for signiﬁcant results
appropriately. Predictions of the means generated by the models are presented, as given that the experiment is so complex, we
believe that they represent a more appropriate comparative point amongst the species, which were tested over a number of
individual experiments. Predictions represent how the statistical model predicts each species would behave under each
condition given the eﬀects of season, experiment and location of host material (ﬁxed eﬀects) for each parameter.
Paired t-tests were used to test signiﬁcance of leaf age on all parameters of susceptibility of 24 Australian species (34
individual plants in total) and R. Colonel Coen (two individual plants), as leaf age was not found to be signiﬁcant using the SAS
models. Summer non-wounded, summer wounded and winter non-wounded pairings were treated separately, and results of
the t-test for unbalanced variances were used, as well as a Students t-test to compare means between juvenile and mature
leaves. These same tests were conducted for all parameters measured for sporulation potential studies on seven species with
juvenile leaves and to assess whether lesion size increased signiﬁcantly from the sporangia (10 day) and chlamydospore
(14 day) harvests. The Tukey Kramer test was used to compare diﬀerences amongst mean lesion lengths recorded in the agar
plug inoculations for the lilioid monocot species L. longifolia, X. australis and X. preisii. Analysis of variance was used to test
signiﬁcance of inoculum dose on all parameters, and the Tukey Kramer test was used to compare diﬀerences between species
across all parameters at diﬀerent inoculum concentrations. Paired t-tests, Tukey Kramer test and analysis of variance (ANOVA)
analyses were conducted using JMP software (version 8.0, SAS Publishing, Cary, NC).
2.9 Susceptibility rating
An overall susceptibility rating was calculated from the disease severity and leaf infection predictions of the statistical models.
Firstly, disease severity was grouped into fourclasses, zero (0), >0–20% (low; 1), >20–35% (moderate; 2) and >35–100% (high;
3);whileleafinfectionwasgroupedintofourclassesofinfection:noneinfected(zero;<0),>0–40%(low;1),>40–75%(moderate;
2)and>75–100%infected(high;3).TheseclassiﬁcationsweremodiﬁedfromclassesdeﬁnedbyDenmanet al.(2005b).Secondly,
for each of the treatment combinations of winter non-wounded (WN), summer non-wounded (SN) and summer wounded
5 Australian plant susceptibility to P. ramorum(SW),theclassvalueofdiseaseseverity(0–3)wasmultiplied bytheclassvalueforleafinfection(0–3),resultinginavaluefrom0
to 9. Finally, the overall rating of susceptibility was then calculated using the following equation: susceptibility
rating = 3 · WN + 2 · SN + 1 · SW, with the rating ranging from 0 to 54 (weighted for non-wounded and winter responses
whicharemorereﬂectiveoflikelihoodofinfectionandseverityofinfectionundernaturalconditions).Ratingswerethenclassiﬁed
as zero (0), low (1–18), moderate (19–36) and high (37–54). Where a species was inoculated in only one inoculation group (i.e.
summer or winter only), the susceptibility rating was doubled to obtain a range from 0 to 54, for comparative purposes. Care
was taken to indicate which of the species did not have a full complement of treatment combinations and this was taken into
account when presenting results and discussing comparative susceptibilities. Therefore, broad-leaf, odd-leaf and needle-like
conifers, while having some overlap for comparison, were considered as independent groupings.
3 Results
Viable inoculum was recorded in all experiments, without considerable dilution from the initial to the ﬁnal leaf dip.
3.1 Foliar susceptibility
The foliar susceptibility rating derived from disease severity (parameter 2) and leaf infection (parameter 3) showed that
potentially highly susceptible Australian hosts include Correa Sister Dawn, Eucalyptus regnans, I. cuneatus, I. formosus,
L. scoparium, L. lanigerum, Melaleuca squamea and Taxandria marginata (Table 2). Moderately susceptible hosts included
A. ﬂexuosa, Banksia attenuata, Correa reﬂexa, C. ﬁcifolia, Eucalyptus delegatensis, E. denticulata, E. haemastoma and
E. viminalis. Acacia melanoxylon, Atherosperma moschatum, Eucalyptus globulus, Billardiera heterophylla and the conifer and
Xanthorrhoeacea species tested showed consistently low susceptibility. The low-susceptibility hosts, Hedycarya angustifolia,
Olearia argophylla, Phyllocladus aspleniifolius, P. undulatum and P. lawrencei, may potentially be resistant, as indicated by low
levels of leaf infection, particularly when non-wounded in the summer inoculations (Table 2).
All species in the susceptibility study became infected with P. ramorum (parameter 3), with some asymptomatic infection of
individual leaves recorded. Discrete dark-brown lesions were characteristic of infection on symptomatic species, with paler
lesions observed on leaves of E. globulus. Seventy-six per cent of all inoculated leaves developed some degree of necrosis
(parameter 1), while 77% were infected with P. ramorum (parameter 3). Disease incidence (parameter 1) and severity
(parameter 2) were less severe (P < 0.0001) on the non-inoculated control leaves than on the inoculated leaves and shoots,
and P. ramorum was not isolated from any of these control leaves. Inoculated Rhododendron leaves were predicted to have
100% infection by the statistical models in all cases, and all U. californica leaves were infected and diseased under all
treatment conditions, conﬁrming the virulence of the isolate (Table 2).
Inoculation group (i.e. summer and winter) did not aﬀect disease incidence or leaf infection, but did increase (P £ 0.05)
disease severity, particularly when considering a species · inoculation group interaction (Table 2). Wounding did not aﬀect
disease incidence overall in the summer, and while inoculated wounded leaves had higher (P < 0.0001) rates of leaf infection
overall, there were no signiﬁcant species · wounding interactions in this inoculation group. Conversely, while disease severity
was not aﬀected by wounding overall in the summer, lesions were larger (P < 0.0001) for those species with a signiﬁcant
species · inoculation group interaction under these experimental conditions (Table 2). Eucalyptus saligna (0.028 during
winter and 0.034 during summer), Lomatia myricoides, I. formosus and Taxandria marginata leaves had larger (P £ 0.05)
lesions under these summer conditions (Table 2).
Analyses of leaf infection were conducted on inoculated material only, as P. ramorum was not isolated from any of the control
leaves. Eleven Australian species, Bauera rubioides, C. maculata, Eucalyptus cneorifolia, E. delegatensis, E. globulus, E. regnans,
E. saligna, Hakea rostrata, I. cuneatus, Leptospermum grandiﬂorum and Pomaderris apetala, as well as the positive control
U. californica in which all leaves were infected when inoculated with P. ramorum, were excluded from further analyses of leaf
infection as it is statistically impossible to give an estimate of the probability of a species not being infected if it was always
infected in the original data set.
Phytophthora ramorum was isolated from 87% of symptomatic inoculated leaves and 44% of asymptomatic inoculated
leaves. Asymptomatic infection was recorded for 48 of the 69 Australian hosts tested in the leaf dip inoculations (Table 2),
predominantly on non-wounded leaves. High levels of asymptomatic infection (data not shown) were recorded for Tasmannia
lanceolata (58%), P. apetala (50%), Lomandra longifolia (39%), E. saligna (35%), Acmena smithii (31%) and E. leucoxylon
(30%). Disease incidence (parameter 1) and severity (parameter 2) were unable to be recorded for the A. ﬂexuosa cultivar
Jervis Bay After Dark Owing to the dark colour of the leaves, and disease severity was not recorded for Acacia dealbata
because of its small leaves.
The majority of species fell into the low (49⁄70) susceptibility category, followed by moderate susceptibility (13⁄70) and
high susceptibility (8⁄70) (Table 1). Both needle-like conifers and the two broad-leaf conifers were of low susceptibility. The
positive control hosts, R. Colonel Coen and U. californica, were moderately susceptible hosts according to this categorization.
Species that were predicted by the statistical models to have 100% leaf infection or for which all leaves were infected during
the course of the experiments, fell predominantly into the moderate- and high-susceptibility categories. This included the two
positive control species and two of the three highly susceptible Australian hosts, E. regnans and I. cuneatus. However, both
E. globulus and E. saligna, while classiﬁed as low susceptibility, also expressed 100% leaf infection during the experiments. No
non-wounded odd-leaf hosts in the high-susceptibility category were 100% infected.
Low-susceptibility hosts, H. angustifolia, O. argophylla, P. aspleniifolius and P. undulatum, were considered as potentially
resistant hosts as they were not infected during at least one of the non-wounded treatments. This classiﬁcation held up, even
6 K. B. Ireland, D. Hu ¨berli, B. Dell et al.Table 2. Potential susceptibility, disease severity and leaf infection of detached leaves of Australian plant species inoculated with Phytophthora
ramorum and the eﬀects of inoculation conditions (summer and winter) and wounding on disease severity.
Leaf category
1, susceptibility
group
2, species
Plants
(exps)
3
Disease severity
4,5 Leaf infection
4,6,7
Susceptibility
rating
2
(0–54)
Winter Summer
Sig.
8,9
Summer
Sig.
8,10
Winter Summer Summer
Non-wounded Wounded Non-wounded Wounded
Positive control hosts
Moderate susceptibility
Rhododendron Colonel Coen (All) 0.06 0.27 * 0.52 *** 1.00 1.00 1.00 30
Umbellularia californica 1 (1) ... 0.14 0.34 * … All All 24
Broad-leaf hosts
High susceptibility
Correa Sister Dawn 1 (1) ... 0.23 0.37 … 0.80 1.00 42
Eucalyptus regnans 1 (1) ... 0.40 0.64 … All All 54
Isopogon cuneatus 1 (3) 0.49 0.56 0.51 All All All 54
Moderate susceptibility
Adenanthos obovatus
# 2 (1) ... 0.14 0.36 ** … 0.55 0.95 26
Banksia attenuata
# 1 (2) 0.06 0.22 *** 0.11 0.90 0.93 1.00 24
Correa reﬂexa 3 (5) 0.02 0.47 *** 0.57 0.79 0.95 1.00 36
Corymbia ﬁcifolia
# 2 (5) 0.01 0.23 *** 0.42 * 0.92 0.93 1.00 30
Eucalyptus delegatensis 1 (2) 0.11 0.22 * 0.55 * All All All 30
Eucalyptus denticulata 1 (4) 0.13 0.20 0.24 All 1.00 1.00 27
Eucalyptus haemastoma
# 2 (2) 0.02 0.17 *** 0.54 ** All 0.95 1.00 24
Eucalyptus pauciﬂora 3 (2) 0.06 0.52 *** 0.43 0.92 All 1.00 36
Eucalyptus sideroxylon
# 2 (4) 0.01 0.11 *** 0.48 *** 0.85 1.00 1.00 24
Polyscias sambucifolia
# 2 (1) ... 0.02 0.46 *** … 0.80 0.93 30
Low susceptibility
Acacia melanoxylon 1 (1) ... 0.02 0.06 * … 0.30 0.40 8
Acmena smithii
# 2 (4) 0.00 0.00 0.01 0.29 0.92 0.96 12
Agonis ﬂexuosa
# 4 (6) 0.05 0.06 0.09 0.94 0.96 1.00 18
Atherosperma moschatum 1 (2) 0.00 0.04 *** 0.11 * 0.20 0.33 0.87 8
Banksia marginata
# 5 (6) 0.01 0.04 *** 0.13 *** 0.48 0.62 0.84 13
Billardiera heterophylla
# 3 (4) 0.00 0.00 0.00 0.23 0.02 0.15 6
Bursaria spinosa 1 (2) 0.05 0.07 0.16 * All 0.47 1.00 16
Ceratopetalum apetalum 1 (2) 0.00 0.03 ** 0.03 All All 0.95 18
Correa alba
# 3 (2) ... 0.01 0.15 *** … 0.41 0.95 14
Correa backhouseana
# 1 (2) 0.00 0.00 0.03 ** 0.13 0.40 1.00 6
Correa decumbens
# 2 (4) 0.00 0.01 ** 0.04 ** 0.12 0.43 0.95 10
Correa Ivory Bells
# 2 (2) ... 0.03 0.11 *** … 0.54 0.89 14
Corymbia maculata
# 1 (2) 0.13 0.04 0.06 All All All 18
Dodonea viscosa
# 2 (3) 0.04 0.02 0.04 0.60 0.94 0.90 15
Eucalyptus camaldulensis
# 2 (2) 0.05 0.02 * 0.08 *** 0.80 1.00 0.92 18
Eucalyptus cneorifolia
# 1 (1) 0.10 All …… 18
Eucalyptus diversicolor 1 (3) 0.05 0.12 ** 0.17 All
^ All All 18
Eucalyptus globulus 1 (2) 0.01 0.01 0.01 All All All 18
Eucalyptus laeliae
# 1 (2) 0.02 0.07 * 0.06 All 0.93 1.00 18
Eucalyptus leucoxylon
# 4 (2) 0.03 0.05 *** 0.05 0.98 All 0.98 18
Eucalyptus saligna
# 1 (2) 0.03 0.03 ** 0.00 ** All All All 18
Eucalyptus viminalis
# 2 (4) 0.04 0.10 *** 0.19 * 0.97 1.00 1.00 18
Eucryphia lucida
# 3 (2) 0.00 0.01 * 0.05 *** 0.16 0.74 0.91 10
Hardenbergia violacea
# 3 (4) 0.01 0.03 ** 0.09 ** 0.97 0.81 1.00 18
Hedycarya angustifolia 1 (2) 0.01 0.00 0.00 0.25 None 0.00 6
Lomatia myricoides
# 2 (3) 0.01 0.20 *** 0.06 ** 0.80 0.70 0.60 15
Macadamia tetraphylla
# 1 (1) ... 0.02 0.02 … 0.87 1.00 18
Nothofagus cunninghamii 1 (2) 0.00 0.03 ** 0.10 ** 0.20 0.73 0.80 10
Nothofagus moorei
# 2 (2) 0.00 0.01 0.04 ** 0.80 0.57 1.00 16
Olearia argophylla
# 2 (4) 0.00 0.00 0.01 ** 0.45 None 0.93 9
Phyllocladus aspleniifolius
#  1 (2) 0.00 0.06 *** 0.15 * 0.15 None 0.55 5
Pittosporum undulatum
# 2 (4) 0.00 0.00 0.00 0.54 None 0.11 7
Podocarpus lawrencei
  2 (2) 0.00 0.12 *** 0.83 *** None None 0.55 6
Prostanthera lasianthos 2 (4) 0.02 0.15 *** 0.11 0.65 0.73 0.81 13
Senecio linearifolius
# 1 (2) 0.01 0.03 0.08 * All 0.53 0.87 16
Tasmannia lanceolata
# 3 (4) 0.00 0.00 0.01 0.78 0.81 0.62 17
Tristaniopsis laurina
# 2 (4) 0.00 0.02 ** 0.10 *** 0.81 0.88 0.84 18
Needle-like conifers
Low susceptibility
Callitris rhomboidea
#  2 (2) 0.01 0.01 * 0.01 0.60 0.19 0.15 9
Lagarostrobos franklinii
#  2 (3) 0.01 0.08 *** 0.20 ** 0.45 0.60 0.72 12
7 Australian plant susceptibility to P. ramorumwhen small lesions were present (Table 2). However, all of these species were able to be infected when wounded. A similar
result was obtained for the broad-leaf conifer P. lawrencei, which indicated some measure of disease incidence and severity
during the summer, with 55% of leaves infected when wounded (Table 2). However, leaves of P. lawrencei were not readily
infected (P < 0.001) following non-wounded leaf inoculations and no infection or disease incidence was recorded for the
control inoculated leaves for this species. Hedycarya angustifolia showed consistently low levels of leaf infection. No non-
inoculated control leaves of H. angustifolia inoculated with water responded to wounding and only one control leaf during the
winter showed any sign of disease incidence or severity.
Lomandra longifolia, X. australis and X. preisii all became infected using the needle-agar plug inoculation method, with no
infection of the controls. Mean lesion length of L. longifolia (3.8 ± 2.3 mm), X. australis (1.3 ± 0.4 mm) and X. preisii
(5.9 ± 0.8 mm) was slightly, but not signiﬁcantly, higher than the controls and were all positively infected with P. ramorum.
Xanthorrhoea australis was putatively classiﬁed as a low-susceptibility host, given that lesions which developed on this species
were smaller than those developed on the other two lilioid monocot species, which were both classiﬁed as low susceptibility in
leaf dip inoculations.
3.2 Leaf age
For the 65 individual plant⁄inoculation group⁄wounding treatment combinations tested, only 24 had signiﬁcant (P £ 0.05)
diﬀerences in disease severity between juvenile and mature leaves (Table 3). Of these, 19 had increased disease severity and
Table 2. Continued
Leaf category
1, susceptibility
group
2, species
Plants
(exps)
3
Disease severity
4,5 Leaf infection
4,6,7
Susceptibility
rating
2
(0–54)
Winter Summer
Sig.
8,9
Summer
Sig.
8,10
Winter Summer Summer
Non-wounded Wounded Non-wounded Wounded
Odd-leaf hosts
High susceptibility
Isopogon formosus 3 (2) ... 0.82 0.48 * … 0.84 0.95 54
Leptospermum lanigerum
# 4 (3) ... 0.39 0.75 ** … 0.91 0.91 54
Leptospermum scoparium 3 (3) ... 0.66 0.98 … 0.86 0.91 54
Melaleuca squamea
# 2 (1) ... 0.41 0.94 ** … 0.90 1.00 54
Taxandria marginata 1 (1) ... 0.36 0.06 *** … All 0.80 42
Moderate susceptibility
Bauera rubioides
# 2 (1) ... 0.06 0.31 *** … All All 24
Brachychiton populneus 3 (2) ... 0.09 0.20 ** … 0.92 1.00 24
Grevillea synapheae 2 (1) ... 0.13 0.23 … 0.91 0.90 24
Low susceptibility
Acacia dealbata
# 1 (1) …… … … 0.44 1.00 …
Dicksonia antarctica
# 3 (2) ... 0.05 0.13 ** … 0.92 1.00 18
Hakea rostrata 1 (1) ... 0.08 0.12 … All All 18
Leptospermum grandiﬂorum
# 2 (1) ... 0.01 0.13 *** … All All 18
Lomandra longifolia
# 4 (3) ... 0.01 0.01 … 0.48 0.98 14
Pomaderris apetala
# 1 (1) ... 0.00 0.00 … All All 6
Stylidium graminifolium
# 1 (1) ... 0.01 0.01 … 0.20 0.47 8
Viola hederaceae
# 1 (1) ... 0.00 0.02 * … 0.73 1.00 14
Xanthorrhoea australis 1 (1) ... ... ... ... ... ...
Xanthorrhoea preissii
# 3 (2) ... 0.02 0.02 … 0.21 0.94 10
1Species grouped to compare disease severity: broad, odd (asymmetrical or exceedingly small) and needle-like conifers. Hosts with
recordings of asymptomatic infection (#). Conifers ( ). Additionally tested using agar plug inoculation (). Positive control species are
known to be naturally highly susceptible to P. ramorum.
2Calculated as a function of disease severity and leaf infection ratings, as outlined in methods: susceptibility rating.
3The number of individual plants (and experiments) for each species. Leaves were collected randomly from multiple plants (>20) of
R. Colonel Coen. from the greenhouse at UC Davis for inclusion in all experiments.
4Ten to twenty leaves of each individual plant of each species were tested for each combination of inoculation group and wounding. All
results presented are the predicted means of statistical analyses of a general linear model (disease severity) and generalized linear model
(leaf infection) with suitable error and link functions applied as appropriate. Where a combination of a particular inoculation group and
wounding was not conducted for a particular host (…).
5Mean proportion of necrotic leaf area or necrotic needles per shoot for needle-like conifers.
6Mean proportion of leaves or shoots positively infected with P. ramorum, as conﬁrmed by reisolation.
7Where all leaves were infected (all) and no leaves were infected (none), these species were removed from statistical analyses. Where leaf
infection was predicted as approaching 100%, that is in cases where a species that was included in the analysis had a small proportion of
observations that were not infected, the model was unable to make an estimate because of extremely large standard errors and are
identiﬁed by all ^.
8Asterixes denote signiﬁcant statistical signiﬁcance, P £ 0.05 (*), P £ 0.01 (**) and P £ 0.001 (***).
9Signiﬁcance of diﬀerence between winter and summer non-wounded inoculations.
10Signiﬁcance of diﬀerence between non-wounded and wounded summer inoculations.
8 K. B. Ireland, D. Hu ¨berli, B. Dell et al.six had a reduction in disease severity for juvenile leaves. The vast majority of these were in the summer-wounded treatment
categories, eleven of which increased in severity and three of which decreased.
3.3 Inoculum concentration
No infection was recorded for the non-inoculated control leaves or for the lowest inoculum concentration of 2 · 10
2 zoo-
spores⁄ml. With the exception of E. denticulata, leaf infection and some disease severity were found for all species at
2 · 10
3 zoospores⁄ml (Fig. 1a). Disease severity (per cent necrosis of leaf) increased from 44 to 100% amongst the species as
inoculum concentration increased from 2 · 10
3 to 2 · 10
4 zoospores⁄ml. Similarly, leaf infection increased by 5–100%
between these inoculum concentrations (Fig. 1b). Analysis of variance (ANOVA; excluding the controls) showed a concentration–
response relationship (P < 0.05) for all species across all parameters, with symptom development consistently greatest at the
highest zoospore concentration. Diﬀerences (P < 0.0001) were detected amongst species for leaf infection at 2 · 10
3 zoo-
spores⁄ml, but not at either of the other inoculum concentrations. Disease severity was clearly diﬀerent (P < 0.0001)
at 2 · 10
3 zoospores⁄ml amongst the tested species, with lesions formed on I. cuneatus larger than all of those formed on
other species at this concentration. At 2 · 10
4 zoospores⁄ml, I. cuneatus and R. Colonel Coen were more susceptible
(P < 0.05) than C. ﬁcifolia and E. denticulata, while C. reﬂexa and L. myricoides were less susceptible (P < 0.005) than
I. cuneatus, but as susceptible as R. Colonel Coen.
Table 3. Eﬀect of leaf age on the disease severity
1 of individual plants of 24 broad-leafed Australian native plant species, and the positive
control Rhododendron Colonel Coen
2 inoculated with Phytophthora ramorum.
Species Site
3
Winter Summer
Non-wounded Non-wounded Wounded
Juvenile Mature Sig.
4 Juvenile Mature Sig.
4 Juvenile Mature Sig.
4
Acmena smithii UCSC 0 ± 0 0 ± 0 …… ……
SFBG 0.34 ± 0.19 0 ± 0 …… ……
Agonis ﬂexuosa UCD …… 0.95 ± 0.03 0.01 ± 0 *** 0.78 ± 0.1 0.01 ± 0 **
Atherosperma moschatum UCSC …… 1 ± 0 0 ± 0 *** 1 ± 0 0.12 ± 0.06 ***
Banksia marginata UCB …… 0.33 ± 0.09 0.89 ± 0.02 ** 0.94 ± 0.03 0.56 ± 0.11 *
UCSC 0 ± 0 0.07 ± 0.06 …… ……
Billardiera heterophylla SFBG 0.03 ± 0.02 0 ± 0 …… ……
Brachychiton populneus UCB …… …… 0.25 ± 0.05 0.38 ± 0.06
Correa backhouseana SFBG 0 ± 0 0 ± 0 …… ……
Correa decumbens SFBG 0 ± 0 0 ± 0 …… ……
Corymbia ﬁcifolia SFBG …… 0.71 ± 0.09 0.37 ± 0.05 * 0.82 ± 0.07 0.52 ± 0.06 **
Dicksonia antarctica UCB …… 0.72 ± 0.02 0.28 ± 0.07 ** 1 ± 0 0.61 ± 0.08 **
Eucalyptus camaldulensis UCD 0.6 ± 0.14 0.13 ± 0.03 * 0.62 ± 0.21 0.07 ± 0.03 0.75 ± 0.19 0.06 ± 0.01 *
UCD 0.05 ± 0.03 0.07 ± 0.04 0.14 ± 0.13 0.01 ± 0 0.37 ± 0.13 0 ± 0 *
Eucalyptus denticulata UCSC …… 0.44 ± 0.14 0.33 ± 0.06 0.25 ± 0.07 0.45 ± 0.05 *
Eucalyptus diversicolor UCSC 0.52 ± 0.2 0.06 ± 0.03 …… ……
Eucalyptus haemastoma UCSC 0.02 ± 0 0.04 ± 0.01 0.57 ± 0.17 0.29 ± 0.04 0.79 ± 0.07 0.62 ± 0.06
UCSC 0.03 ± 0.01 0.01 ± 0 * 0.44 ± 0.23 0.11 ± 0.08 0.91 ± 0.05 0.21 ± 0.03 ***
Eucalyptus laeliae SFBG 0.25 ± 0.14 0.01 ± 0.01 …… ……
Eucalyptus leucoxylon UCD …… 0.26 ± 0.14 0 ± 0 0.09 ± 0.09 0 ± 0
UCD 0.11 ± 0.04 0.09 ± 0.04 1 ± 0 0.43 ± 0.05 *** 0.96 ± 0.02 0.45 ± 0.04 ***
UCD …… 0 ± 0 0.07 ± 0.04 0.01 ± 0.01 0.02 ± 0
UCSC 0 ± 0 0.65 ± 0.04 *** …… ……
Eucalyptus sideroxylon UCD 0 ± 0 0.13 ± 0.05 0.48 ± 0.16 0.06 ± 0.03 0.73 ± 0.15 0.31 ± 0.05 *
Eucalyptus viminalis UCD 0.2 ± 0.11 0.12 ± 0.04 0.11 ± 0.06 0.21 ± 0.06 0.4 ± 0.14 0.17 ± 0.03
UCSC 0.01 ± 0 0.01 ± 0 …… ……
Eucryphia lucida UCSC 0.02 ± 0.01 0 ± 0 …… ……
Hardenbergia violacea UCD 0.62 ± 0.11 0 ± 0 ** …… ……
UCD …… 0.4 ± 0.15 0.01 ± 0 0.83 ± 0.11 0.02 ± 0.01 **
SFBG …… 0.16 ± 0.16 0.5 ± 0.19 0.23 ± 0.14 0.55 ± 0.17
Hedycarya angustifolia UCSC 0.01 ± 0.01 0.01 ± 0 0 ± 0 0.01 ± 0.01 0 ± 0 0 ± 0
Isopogon formosus UCSC …… 1 ± 0 0.98 ± 0.02 0.31 ± 0.04 0.79 ± 0.08 **
Leptospermum lanigerum UCSC …… 0.95 ± 0.05 1 ± 0 0.75 ± 0.25 1 ± 0
Pittosporum undulatum UCSC 0.1 ± 0.07 0 ± 0 …… ……
Rhododendron Colonel Coen GH …… 0.17 ± 0.07 0.78 ± 0.06 *** 0.6 ± 0.04 0.81 ± 0.06 *
GH 0.17 ± 0.05 0.16 ± 0.04 …… ……
1Calculated as the mean proportion of necrotic leaf area. Values shown are means ± standard error.
2Species known to be naturally highly susceptible to P. ramorum.
3Plant collection sites: GH, Glasshouse; SFBG, San Francisco Botanical Garden & Strybing Arboretum; UCB, University of California (UC)
Berkeley Gardens; UCD, UC Davis Arboretum; UCSC, UC Santa Cruz Arboretum; Where a combination of a particular host, leaf age and
wounding was not conducted for a particular host (…).
4Asterixes denote signiﬁcant statistical signiﬁcance, where P £ 0.05 (*), P £ 0.01 (**) and P £ 0.001 (***).
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Rhododendron Colonel Coen consistently had the highest proportion of leaves on which sporangia were produced, sporangia
counts per leaf and number of sporangia per cm
2 of necrotic lesion (Table 4), with all infected leaves producing sporangia.
Eucalyptus haemastoma was highest for these parameters of all the Australian hosts (Table 4). Eucalyptus viminalis, I. formosus
and N. cunninghamii also produced sporangia consistently. These results indicate that reisolation methods for I. formosus were
not reliable, given that sporangia presence was 80% and leaf infection was only 40% for these leaves. Hosts on which no
sporangia were produced and lesions were small (<0.18 cm
2) were Acacia melanoxylon, Atherosperma moschatum, Dicksonia
antarctica, E. diversicolor, E. regnans, Hardenbergia violaceae and P. undulatum (Table 4). No lesions or sporangia were
observed for non-inoculated control leaves for all species.
The presence of sporangia was higher (P < 0.0001) for juvenile than mature leaves of A. ﬂexuosa and Corymbia ﬁcifolia.
Acmena smithii, E. haemastoma and E. viminalis all had larger lesions on juvenile leaves (P < 0.05), but no diﬀerence in
sporangia presence, when compared with lesions formed on mature leaves. Lesions formed 14 days after incubation were
larger (P < 0.0001) than those formed after 10 days, with an overall increase of 75%. Banksia attenuata, B. marginata,
C. reﬂexa, D. antarctica, D. viscosa, E. denticulata, E. diversicolor, H. violaceae and I. formosus had no signiﬁcant increase in
lesion size (data not shown).
3.5 Temperature and sporulation potential
Zero to very few sporangia were produced on the majority of leaves in the study across all temperatures and periods of time
for all species (data not shown). The highest maximum sporangia counts occurred for R. Colonel Coen, being 8187 sporangia
per leaf at 20 C after 6 days, 4500 at 15 C after 9 days and 3212 sporangia at 20 C after 9 days. Analysis of variance showed
no signiﬁcant diﬀerences between the proportion of leaves infected at any of the temperatures after 3 and 9 days, except for
25 C, which had lower incidence (P < 0.0001) of leaf infection after 6 days (8%, as compared to 34 and 54%, respectively, at
15 and 20 C). The presence of sporangia diﬀered (P=0.0127) only between 20 and 25 C, with a fourfold decrease from 28%
of leaves producing sporangia to 6% of leaves producing sporangia as the temperature increased. There was no signiﬁcant
diﬀerence in the presence of sporangia between 15–20 and 15–25 C. While not statistically signiﬁcant, the trend indicated that
the lower temperatures of 15 and 20 C were more conducive to infection and sporangia production.
4 Discussion
A wide range of susceptibility and sporulation potential were recorded amongst the Australian species tested, with all 70
species screened capable of being infected with P. ramorum. High levels of susceptibility, measured as leaf infection and disease
severity, were recorded for E. regnans, I. cuneatus, I. formosus, L. scoparium, L. lanigerum, Melaleuca squamea and
T. marginata. Moderately susceptible hosts included A. ﬂexuosa, B. attenuata, C. ﬁcifolia, C. reﬂexa, E. delegatensis, E. dentic-
ulata, E. diversicolor, E. haemastoma and E. viminalis. The conifers and lilioid monocot species tested showed consistently low
susceptibility, along with A. melanoxylon, A. moschatum, E. globulus, B. heterophylla and the remaining Correa species.
(Denman et al. 2005a; Hansen et al. 2005). Potentially resistant hosts included H. angustifolia, O. argophylla, P. aspleniifolius,
P. undulatum and P. lawrencei. While disease severity was low in many of the Australian species tested in the foliar dip studies
(32⁄69), 47 of these species exhibited disease symptoms on more than 80% of their leaves during the summer inoculations.
As has been observed in other studies, disease levels varied within species (Dodd et al. 2005; Anacker et al. 2008), genera
(Gru ¨nwald et al. 2008; Tooley and Browning 2009; De Dobbelaere et al. 2010) and families (Tooley and Browning 2009) of
plants.
Our studies conﬁrm the susceptibility of E. haemastoma, previously recorded as a natural host of P. ramorum in the United
Kingdom (RAPRA 2007). On the other hand, we identiﬁed E. globulus as a potential host in our study, in contradiction to results
(a) (b)
Fig. 1. Relationship between inoculum dose and per cent necrosis (a) and leaf infection (b) responses of ﬁve Australian native plant species
and the known highly susceptible Rhododendron Colonel Coen to leaf dip inoculation in suspensions of Phytophthora ramorum zoospores (0,
2 · 10
2,2· 10
3 and 2 · 10
4 zoospores⁄ml). Data points are means of ten leaves per plant species (except for three leaves for the controls, ﬁve
leaves of C. ﬁcifolia and nine leaves of E. denticulata at 2 · 10
4 zoospores⁄ml); bars indicate standard error of the means.
10 K. B. Ireland, D. Hu ¨berli, B. Dell et al.obtained by Hu ¨berli et al. (2008). Similarly, our results for Leptospermum scoparium, examined in the same study by Hu ¨berli
et al. (2008), diﬀered signiﬁcantly. While Hu ¨berli et al. (2008) observed no disease incidence or severity, we consistently
observed symptoms, and similarly, they observed greater incidence and amount of sporulation on L. scoparium. In a similar
fashion and in a separate study, Hu ¨berli et al. (2006) described P. undulatum as a potential Australian host of P. ramorum.N o
lesions as described by Hu ¨berli et al. (2006) were observed in the current study on P. undulatum, with a negligible disease
severity of <0.5% (Table 2). Inoculations of the same P. undulatum plants used by Hu ¨berli et al. (2006), sourced from the UC
Berkeley campus, also failed to reproduce the same results (K.B. Ireland, unpublished data). The diﬀerences between these
studies may be due to varied environmental conditions between years or the use of diﬀerent isolates of P. ramorum, resulting
in diﬀerent susceptibilities. Alternatively, the diﬀerent inoculation methods used by Hu ¨berli et al. (2006, 2008), which involve
agar plugs or immersion of the tip of the leaves in inoculum for 12 h, may induce a more severe response from the host as they
are exposed to inoculum for an extended period of time. Under these conditions, leaves would be likely to undergo
physiological changes that may exacerbate susceptibility or produce an abiotic necrotic response.
Putative sporulating hosts identiﬁed in the study included E. haemastoma, E. viminalis, I. formosus and N. cunninghamii,
with lower levels of sporulation occurring in a number of other species such as E. denticulata, C. ﬁcifolia, L. scoparium and
A. ﬂexuosa. Sporangia production was observed even on plants with low susceptibility to P. ramorum such as N. cunninghamii,
on which only a few sporangia were observed per leaf. However, when one considers the relatively high levels of leaf infection
that correlated with the presence of sporangia (70% of leaves), there exists the potential for large numbers of sporangia to be
produced on infected N. cunninghamii plants during a rain event. Sporangia-producing, non-lethal foliar infections, such as
those which occur on U. californica, in Northern California, are considered to be the most epidemiologically important
Table 4. Potential sporulating hosts, presented in order of sporangia-producing potential per leaf, of detached leaves of Australian plant
species and the positive control Rhododendron Colonel Coen inoculated with Phytophthora ramorum
1.
Species
2
Plants
(exps)
3
Leaf
infection
4
Lesion
area (cm
2)
Sporangia
1
Presence
5,a
Per
leaf
b
Max. count
per leaf
b
Per cm
2 of
lesion area
b
Max. per cm
2
of lesion area
Rhododendron Colonel Coen^ (All) 1.00 7.8633 All 1882.2 33 967 190.06 2726
Eucalyptus haemastoma
# 1 (1) 0.93 1.8665 0.93 210.7 1763 112.58 1055
Eucalyptus viminalis
# 2 (2) 0.94 0.7329 0.62 9.875 3900 8.90 2829
Isopogon formosus 1 (1) 0.40 1.2911 0.80 1.691 210 1.42 114
Nothofagus cunninghamii 1 (1) 0.70 0.0025 0.70 1.366 29 0.07 1148
Umbellularia californica^ 1 (4) 1.00 0.4759 <0.01 0.3421 1975 0.38 950
Eucalyptus denticulata 1 (1) 0.60 0.3515 0.40 0.3385 790 0.06 700
Corymbia ﬁcifolia
# 1 (1) 0.74 0.0925 0.37 0.1896 1053 0.06 309
Eucalyptus delegatensis 1 (1) All 0.3442 0.30 0.1325 2157 0.14 145
Acacia dealbata 1 (1) None … 0.33 0.0366 1 … 175
Banksia marginata 2 (2) 0.55 0.0011 0.24 0.0340 9 <0.01 370
Correa reﬂexa 3 (2) 0.34 0.0235 0.20 0.0305 58 0.01 60
Dodonea viscosa 1 (1) 0.90 0.1926 0.30 0.0299 1 <0.01 601
Corymbia maculata 1 (1) All 0.0628 0.20 0.0259 35 0.04 17
Leptospermum scoparium 1 (1) 0.90 0.0007 0.20 0.0213 9 <0.01 <0.01
Prostanthera lasianthos 1 (1) 0.10 0.0270 0.10 0.0144 74 0.02 <0.01
Pomaderris apetala 1 (1) 0.30 0.3336 0.10 0.0086 5 <0.01 <0.01
Agonis ﬂexuosa
# 5 (3) 0.88 0.0262 0.07 0.0084 571 0.01 <0.01
Banksia attenuata 1 (1) 0.30 <0.0001 0.10 0.0070 2 <0.01 <0.01
Eucalyptus pauciﬂora 1 (1) 0.85 0.0473 0.10 0.0059 1 0.01 <0.01
Nothofagus moorei 1 (1) All 0.0027 0.10 0.0059 1 <0.01 <0.01
Eucalyptus globulus
# 1 (1) 0.80 0.0029 0.07 0.0036 1 <0.01 <0.01
Acmena smithii
# 2 (2) 0.55 0.0122 0.04 0.0021 4 <0.01 <0.01
Eucalyptus diversicolor 1 (1) All 0.0906 None None None None None
Acacia melanoxylon 1 (1) All 0.0015 None None None None None
Eucalyptus regnans 1 (1) 0.50 0.1702 None None None None None
Dicksonia antarctica 1 (1) 0.30 0.0007 None None None None None
Atherosperma moschatum 1 (1) None 0.0291 None None None None None
Hardenbergia violacea 1 (1) None 0.0030 None None None None None
Pittosporum undulatum
# 1 (1) None 0.0001 None None None None None
1All results presented are the predicted means of statistical analyses of generalized linear models (a) and general linear models (b), with
suitable error and link functions applied as appropriate. Where data was unavailable or unattainable for a particular component of
measuring sporangia-producing potential (…).
2Species known to be naturally susceptible to P. ramorum and which produce high numbers of sporangia (^). Species where juvenile leaves
were tested (#).
3The number of individual plants (and experiments) for each species. Ten to ﬁfteen leaves of each individual plant of each species were
tested. Leaves were collected randomly from multiple plants (>20) of R. Colonel Coen. from the greenhouse at UC Davis for inclusion in all
experiments.
4Proportion of leaves positively infected with P. ramorum, as conﬁrmed by reisolation. Where all leaves were infected (all) and no leaves
were infected (none), these species were removed from statistical analyses.
5Proportion of inoculated leaves producing sporangia.
11 Australian plant susceptibility to P. ramoruminfections for the transmission of P. ramorum (Swiecki and Bernhardt 2002). Abundant sporulation on U. californica leaves
during winter (Davidson et al. 2005; Maloney et al. 2005) and potential survival of the pathogen within leaves during dry
summers are postulated to contribute greatly to epiphytotics and persistence of the disease within Northern California. Our
study shows that N. cunninghamii may potentially fulﬁl this role in similar Australian ecosystems as it demonstrates high rates
of infection, low levels of disease severity and consistent production of sporangia. This is of concern as N. cunninghamii and the
other high sporulating Australian host identiﬁed in this study, E. viminalis, coexist with E. regnans, in the cool, moist highland
areas of Victoria (Boland et al. 2006). This area has been identiﬁed as climatically suitable for P. ramorum growth and
establishment (Ireland et al., unpublished), while E. regnans has been identiﬁed as a potential bole canker host in branch and
bole canker studies conducted at the same time as the foliar studies presented in this paper (Ireland et al. 2011). All of the
species identiﬁed in our study as putative sporulating hosts are important commercially in global forest and⁄or horticulture
industries, or as keystone species in their native environments, and are therefore widespread in landscapes most at risk for the
establishment and spread of P. ramorum worldwide. Species such as A. ﬂexuosa, C. ﬁcifolia, Correa and Eucalyptus species are
planted and distributed widely as street trees and hardy garden plants throughout the world, including in areas where
P. ramorum is already known to exist in California (K. B. Ireland, personal observation). These species have not been found
naturally infected in these areas, and no comprehensive studies examining pockets of native Australian plants in high inoculum
pressure zones and infested nurseries have taken place so far. Despite the lack of conﬁrmation of host status by natural
infection, many of the species identiﬁed here as susceptible and sporulating hosts are potential carriers for P. ramorum and
should be treated with caution when being traded amongst regions known to have P. ramorum in the global forestry and
horticulture industries.
The range of sporangial density on Australian hosts (0–113 sporangia per cm
2 of lesion), as well as R. Colonel Coen
(averaging almost 190 sporangia per cm
2 and up to 2726) are similar to those of other studies of common north-east American
understory species (Tooley and Browning 2009), Mediterranean species (Moralejo et al. 2006), Rhododendron cultivars (De
Dobbelaere et al. 2010) and New Zealand plant species (Hu ¨berli et al. 2008). Under natural conditions during rainstorms, the
mean number of zoospores produced from infected U. californica leaves was 1173.0 ± SE 301.48 zoospores per leaf, to as high
as 5200 spores per leaf (which was comparative with laboratory trials), in studies by Davidson et al. (2005). Taking into
account that the mean number of zoospores released from a single sporangium ranges from 13 to 32 (Moralejo et al. 2006;
Widmer 2009), the number of sporangia found in nature (average of 27–113) are much less than those we observed on the
Australian species in the present study. Similarly, sporangia production on U. californica in our studies (ranging from 0 to 1975
sporangia per cm
2 of lesion area) was lower than that recorded by Davidson et al. (2005). This may be associated with the
phenological condition of the host, as the plant on which these studies were based was grown in the warmer and drier climate
of Davis, California, or the experimental conditions we used. Given this, we urge caution when extrapolating these laboratory
results to potential ﬁeld sporulation capacities.
Zoospore concentrations of 1 · 10
2 zoospores⁄ml were not adequate for producing infection in any of the hosts tested in the
inoculum concentration study, including the highly susceptible R. Colonel Coen. Leaf infection occurred in all but
E. denticulata at 2 · 10
3 zoospores⁄ml, with higher levels of infection occurring at 2 · 10
4 zoospores⁄ml, which was the
concentration of inoculum we used across all of the susceptibility and sporulation potential studies. Turner et al. (2008) found
that a single zoospore of P. ramorum was suﬃcient to produce lesions on susceptible species of Rhododendron, Viburnum,
Kalmia and Pieris. In the same study, Syringa species required at least 100 zoospores, while Camellia and Leucothoe required a
threshold of 10 000 zoospores before an infection was established. Likewise, under natural conditions in California, Tanoak
(N. densiﬂorus) appears to have a much lower infection threshold than Coast Live Oak (Quercus agrifolia) (Davidson et al.
2011), and this may explain the high comparative susceptibility of the former species. These results may indicate lower
sensitivity and increased tolerance to P. ramorum infection by particular species, with particular species-speciﬁc thresholds
required to induce infection. The lack of infection of E. denticulata at 2 · 10
3 zoospores⁄ml may indicate a higher speciﬁc
threshold for infection than the other species tested, and a range of tolerances may, therefore, exist within other Australian
plant species as well. Likewise, the high susceptibility of I. cuneatus at lower inoculum concentrations may indicate that it is
consistently a susceptible species, similar to results obtained for Fuscia exortica in a similar study by Hu ¨berli et al. (2008),
which may indicate that it has a high probability of being a naturally infected host under conducive environmental conditions.
Our results and the results of Turner et al. (2008) support our decision to use an inoculum concentration of
2 · 10
4 zoospores⁄ml in this study. This relatively high concentration of zoospores is consistent with other P. ramorum
susceptibility studies, which have used between 1 · 10
4 and 2 · 10
5 zoospores⁄ml (Denman et al. 2005a; Hansen et al. 2005;
Hu ¨berli et al. 2008; De Dobbelaere et al. 2010). In the future, species-speciﬁc responses to diﬀerent inoculum concentrations
may be able to be used as an additional measure of susceptibility and to select indicator plants for early detection in nurseries
and natural ecosystems.
The susceptibility of leaves and their sporulation potential were aﬀected by the season in which they were inoculated and
chamber conditions in which they were kept (designed to coincide approximately with natural conditions of summer and
winter). The pathogen was able to infect and cause disease under both of these climatic conditions, with greater disease
expression during the summer experiments. This is consistent with observations under natural conditions in California, where
transmission and impact of the pathogen becomes apparent in the summer following spring rains (Davidson et al. 2005).
Seasonality has regularly been highlighted as a contributing factor to the severity of infection and susceptibility of hosts to
P. ramorum under controlled conditions (Dodd et al. 2008; Tjosvold et al. 2009; De Dobbelaere et al. 2010). Similarly, our
studies on sporulation attempted during the autumn month of October were largely ineﬀective, while those conducted in the
spring month of April were successful. Reduced sporangia production agrees with epidemiology studies that show infection is
most successful during the spring and early summer months in both natural ecosystem (Davidson et al. 2005; Dodd et al.
12 K. B. Ireland, D. Hu ¨berli, B. Dell et al.2005) and laboratory-based (Denman et al. 2006b) studies. Therefore, conducting susceptibility studies during the spring and
summer should be the most informative for biosecurity purposes. Further studies comparing host responses under the same
chamber conditions across both seasons with a study similar to ours would be valuable in elucidating whether seasonal
responses were a result of host phenology at the time of collection of plant material or a response of hosts and pathogens to
chamber conditions alone.
Disease severity also increased for some species when leaves were wounded in the summer experiments, as shown in
other studies (Kaminski and Wagner 2008; De Dobbelaere et al. 2010). We agree with De Dobbelaere et al. (2010) that the
results of inoculations of non-wounded leaves are the most informative and relevant when determining the levels of
susceptibility amongst a range of species. However, identiﬁcation of those species that become infected when wounded
allows us to understand questions relating to the susceptibility or resistance of a species. Further research into the
morphological and biochemical basis of higher levels of resistance by low-susceptibility hosts such as A. moschatum,
B. marginata and P. lawrencei when non-wounded may be useful in selecting particular cultivars, species or incorporating
particular resistance genes into new cultivars, to help manage the disease in the future. Examination of individual plants
showed that the inﬂuence of leaf age on susceptibility was variable, indicating species or individual plant-speciﬁc responses,
with generally higher levels of disease severity recorded for juvenile leaves when diﬀerences did occur. Our studies
correspond with those of Hansen et al. (2005) and Denman et al. (2005b), who showed younger leaves were more
susceptible for evergreen huckleberry (Vaccinium ovatum) and sweet chestnut (Castanea sativa), respectively. Additionally,
our studies correspond with those of De Dobbelaere et al. (2010) who showed that younger leaves were consistently more
susceptible to P. ramorum infection when they were wounded. Our results indicate that the phenological condition of the
host at the time of transmission of the pathogen may aﬀect its overall susceptibility and that this is likely to be variable
amongst diﬀerent species (Dodd et al. 2008).Those species with highly susceptible juvenile foliage would therefore be in a
more vulnerable position for infection and increased disease severity during the spring, when pathogen spread is known to
occur (Davidson et al. 2005; Dodd et al. 2005).
Asymptomatic infection was recorded in some species, with high levels (>30%) recorded for Acmena smithii, E. saligna,
E. leucoxylon, Lomandra longifolia, Pomaderris apetala and Tasmannia lanceolata. Additionally, infection may not be readily
apparent for species such as A. dealbata, which have particularly small compound leaves, and species such as D. viscosa and
cultivars such as A. ﬂexuosa Jervis Bay After Dark, which have particularly dark leaves. Asymptomatic infection and
sporulation has been recorded by Denman et al. (2008) on fruit and foliage of Rosa species, on foliage of Leptospermum
scoparium (Hu ¨berli et al. 2008) and on root systems of Rhododendron (Fichtner et al. 2008; Riedel et al. 2009), Camellia
(Shishkoﬀ 2006) and Lilac (Shishkoﬀ 2007) species. Asymptomatic plants may also be an issue for quarantine authorities
where plant release is based on the visible expression of disease symptoms.
Susceptibility studies, particularly those conducted on detached plant material, are naturally fraught with diﬃculties,
especially when it comes to interpretation of results. No standard methodology has been developed for susceptibility studies
with P. ramorum. Past studies have used diﬀerent inoculation techniques, incubation regimes and analyses of results, making
comparisons between studies exceptionally diﬃcult. The detached, in vitro, leaf inoculation method of Denman et al. (2005a)
was used in the current study, as the method is well established and applied as a RAPRA (the European risk assessment for
P. ramorum) protocol throughout Europe (Denman 2007). The use of whole-plant studies is generally preferable as they
potentially predict the most comprehensive range of symptoms observed in natural ecosystems for known hosts (Hansen et al.
2005), while detached-leaf studies are more likely to indicate higher than natural susceptibility levels as the leaves have been
removed from the plant and are under physiological stress when tested (Tooley and Browning 2009). We would recommend
future work on Australian species incorporate whole-plant studies to elucidate a better understanding of their potential
susceptibility. Inoculation methods used in this study were selected in an attempt to reﬂect the natural environment conducive
to P. ramorum disease development. Zoospores were used as they have been recorded as being released naturally as infective
propagates in natural ecosystems for P. ramorum (Davidson et al. 2005) and are generally believed to be the most important
infection pathway in the disease cycle of Phytophthora species (Judelson and Blanco 2005). The temperatures used in our
study were selected to reﬂect warmer (summer) and cooler (winter) conditions surrounding the optimum range for the
growth and sporulation of P. ramorum. The majority of other studies have used a constant temperature, ranging from 17 C
(Werres et al. 2001) to 24 C (Shishkoﬀ 2007), with the majority of studies incubating material at approximately 20 C (Denman
et al. 2005a; Shishkoﬀ 2006; Hu ¨berli et al. 2008; Kaminski and Wagner 2008). Studies by Hansen et al. (2005) on the other
hand used a cyclic temperature regime ranging from 17 to 20 C. Cyclic regimes in our study were chosen to reﬂect natural
conditions, where temperatures ﬂuctuate diurnally. In our study, we used only one isolate of NA2 lineage (Gru ¨nwald et al.
2009). In a similar detached-leaf studies, isolates of NA2 and EU1 lineage have been found to be more aggressive than those of
the NA1 lineage for R. Cunninghams White (Elliott et al. 2011). While earlier studies demonstrated clear diﬀerences in
aggressiveness amongst A1 (EU1) and A2 (NA1) mating-type isolates in log inoculations (Brasier 2003), many foliar
inoculation studies with multiple hosts have found no signiﬁcant diﬀerences in aggressiveness amongst isolates (Tooley et al.
2004; Denman et al. 2005a; Kaminski and Wagner 2008). Where multiple isolates are used, it may be necessary to use them
independently as signiﬁcant isolate–species interactions have been reported for disease severity measures (Linderman et al.
2007; Kaminski and Wagner 2008; Elliott et al. 2011; Hu ¨berli and Garbelotto 2011) and sporulation potential (Denman et al.
2006a), which could be explored further in future work on Australian plant susceptibility. Together, the results of these other
studies indicate that isolate selection is still a highly questionable and variable component of host range testing for P. ramorum.
For the purposes of our study, we believe that the use of the one NA2 isolate is valid as it provides a preliminary assessment of
potential Australian plant susceptibility and a starting point to explore any future nuances of the eﬀects of P. ramorum
genotype and isolate diﬀerences.
13 Australian plant susceptibility to P. ramorumThe work presented here is only a ﬁrst step towards identiﬁcation of potential Australian hosts of P. ramorum. Given the
limitations of the study, the results presented here do not represent a deﬁnitive conﬁrmation of any of the species presented
here as hosts capable of being naturally infected by P. ramorum. Collection of small amounts of material and conducting the
experiments outside all of the plants endemic range, while not ideal, were necessary to avoid any of the risks associated with
importing the pathogen to Australia for experimentation and to adhere to current Australian quarantine for category 1 plant
pathogens. Caution is advised when interpreting these results, particularly for those species with low levels of infection and
degrees of susceptibility, which may represent an individual of that species which could be more tolerant or resistant to
P. ramorum, given the conditions under which it has been grown. We do suggest that all species with high levels of infection
and leaf necrosis should be accepted as putative hosts, pending more comprehensive studies, as concluded by Hu ¨berli et al.
(2008) in assays for NZ plants. As the plants were collected outside of their endemic ranges, it is possible that these plants have
been selected for Californian growing conditions and their reactions to P. ramorum may not be representative of how they
would respond to P. ramorum in their native ranges.
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Susceptibility to branch dieback caused by Phytophthora ramorum was tested using a detached branch assay for 66 Austra-
lian native plant species sourced from established gardens and arboreta in California. Six of these species were further tested
for their susceptibility to bole cankers caused by P. ramorum using a sealed log assay. Isopogon formosus and Eucalyptus
denticulata were identiﬁed as potentially highly susceptible Australian branch dieback hosts. Thirteen potentially tolerant
Australian host species included Banksia attenuata, B. marginata, E. haemastoma, E. regnans, Pittosporum undulatum
and Billardiera heterophylla. Eucalyptus regnans was identiﬁed as a potentially highly susceptible bole canker host, while
E. diversicolor and E. viminalis were considered potentially tolerant species to bole cankers caused by P. ramorum. Phytoph-
thora ramorum was able to infect all 66 species, as conﬁrmed by reisolation. These results extend the known potential host
range for P. ramorum, conﬁrm it as a possible threat to Australian plant industries and ecosystems and highlight additional
associated hosts that are important in the global horticultural trade, native forests and plantation forestry.
Keywords: invasive organism, oomycete, ramorum branch dieback, sudden oak death
Introduction
Phytophthora ramorum is an invasive plant pathogen
causing considerable and widespread damage in nurser-
ies,gardensandnaturalwoodlandecosystemsoftheUSA
andEurope(Rizzoetal.,2005;Brasier&Webber,2010).
It is classiﬁed as a category 1 plant pest risk to Australian
plantbiosecurity(i.e.apestwhichifnoteradicatedwould
causemajordamagetobothnaturalecosystemsandplant
industries⁄amenity ﬂora) (Plant Health Australia, 2006)
and is internationally recognized as a plant biosecurity
threat. Australia, South Korea, Canada, the Czech
Republic,Mexico,TaiwanandNewZealandhaveestab-
lished quarantine policies and protocols against plant
materials from areas known to have the disease (Kliejun-
as, 2010).Spreadthroughthe international nursery trade
(Ivorsetal.,2006;Brasier,2008),P.ramorumhasaltered
natural andforestry landscapes inthesouthofthe United
Kingdom (Brasier & Webber, 2010), western Scotland
and Northern Ireland (Forestry Commission, 2011) and
the Paciﬁc coast of the USA (Oregon and California),
where it is recognized as the causal agent of sudden oak
death (Rizzo et al., 2005). Where it has been introduced
into the ornamental plant trade, nursery and horticul-
tural industries, the pathogen has caused considerable
economic losses, resulting in the loss and destruction of
many plant consignments and continued costs of surveil-
lance and eradication (Dart & Chastagner, 2007). There
have been two distinct introductions of P. ramorum into
both Europe and North America, where it has continued
to spread within the nursery industry on both continents
(Ivorsetal.,2006).Molecularevidencehasdemonstrated
the transmission of the pathogen from nursery environ-
ments into natural ecosystems (Mascheretti et al., 2008;
Gossetal.,2009).
Phytophthora ramorum causes a range of symptoms
on more than 100 species of trees, shrubs and herbs
(RAPRA, 2007; USDA-APHIS, 2010). Three distinct
diseases are caused by P. ramorum: ramorum leaf blight,
ramorum shoot dieback and sudden oak death (charac-
terized by lethal bole cankers) (Hansen et al., 2005).
The pathogen is spread primarily by aerial dissemination *E-mail: k.b.ireland@gmail.com
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port highlevelsofsporulation, suchasUmbellulariacali-
fornica (California bay laurel) in northern California,
Notholithocarpus densiﬂorus (formerly Lithocarpus
densiﬂorus; tanoak) in northern California and Oregon
(Goheen et al., 2002; Davidson et al., 2005) and Rhodo-
dendron ponticum and Larix kaempferi (Japanese larch)
in the UK and Northern Ireland (Brasier et al., 2004;
Brasier & Webber, 2010; Forestry Commission, 2011).
Ramorum shoot dieback and sudden oak death cause
severe and sometimes fatal infections of a number of
hosts, particularly within the Ericaceae and Fagaceae
(Davidson et al.,2003). This can greatly affect ecosystem
structure and dynamics. Loss of keystone species such as
Quercus agrifolia (coast live oak) and tanoak in Califor-
nian forests and Fagus sylvatica (European beech) in
Cornwall(Brasieretal.,2004)ispostulatedtohavemany
detrimental effects on ecosystem health, including loss of
habitat (Monahan & Koenig, 2006), modiﬁed ﬁre risk
(Metz et al., 2011), nutrient cycling disruption and
changes in species distributions and dynamics (Cobb
etal.,2010).
A number of native Australian plant species have been
found to be either potential or naturally infected foliar or
branch hosts of P. ramorum, when planted in the UK or
California (RAPRA, 2007; Hu ¨berli et al., 2008; Ireland
et al., 2011; USDA-APHIS, 2010). Correa cv. Sister
Dawn,Eucalyptusregnans,Isopogoncuneatus,I.formo-
sus, Leptospermum scoparium, L. lanigerum and Melal-
euca squamea have been identiﬁed as potentially highly
susceptible Australian foliar host species (Ireland et al.,
2011). Additionally, putative sporulating hosts have also
been identiﬁed and include Agonis ﬂexuosa, Corymbia
ﬁcifolia, Eucalyptus haemastoma, E. delegatensis and
E.viminalis(Irelandetal.,2011).Anumberofotherpro-
ven and associated host species of P. ramorum (see
USDA-APHIS, 2010) have been introduced to Australia,
often widely planted within home gardens (i.e. Rhodo-
dendron and Camellia spp.), as street trees (Magnolia
spp.) or are planted in the Australian forestry industry
(i.e.redwood,Sequoiasempervirens).Knownbranchdie-
back hosts native to Australia include Acacia melanoxy-
lon and L. scoparium (Hu ¨berli et al., 2008), while
Eucalyptus dalrympleana has been identiﬁed as a poten-
tially highlysusceptiblebolecanker host(Moralejoetal.,
2009). Given the wide and increasingly recorded host
range of P. ramorum, consistent with the very large host
ranges for generalist Phytophthora species (Hardham,
2005), it is expected that many Australian native plant
speciesmaybesusceptibletotherangeoffoliar,stemand
bolecankerdiseasescausedbythispathogen.
Results of branch wound inoculations of known hosts
with P. ramorum have been shown to be generally con-
gruent with ﬁeld observations of ramorum shoot dieback
symptoms (Dodd et al., 2005; Hansen et al., 2005). Like-
wise, log infection studies for testing susceptibility to
Phytophthoraspeciesarewellestablishedandgiveagood
reﬂection of potential aggressiveness under natural con-
ditions when conducted on fresh, sealed logs (Brasier &
Kirk, 2001; Hansen et al., 2005; Moralejo et al., 2009).
Isolations of P. ramorum in Europe have also been made
from several tree species in the ﬁeld which were previ-
ously identiﬁed as potential hosts from artiﬁcial inocula-
tions(Brasieretal.,2004),highlightingthismethodology
asausefulwayofidentifyingpotentialhostsbeforeestab-
lishment.Inthestudyreportedhere,detachedbranchand
logassayswere used toassessthesusceptibility ofarange
of commercially and ecologically important Australian
nativespeciestoP.ramorum.Theresultsofthesetestsare
explored, related to concurrent work on foliar suscepti-
bility, and quarantine and management recommenda-
tions for Australian and international plant biosecurity
arediscussed.
Materials and methods
Experimental design
Potential branch and bole canker susceptibility of
detached branches and logs of native Australian plants
were determined over the course of 18 experiments
between April 2008 and September 2009 in Davis, Cali-
fornia, USA (Table 1). Ten experiments were conducted
duringthesummer(April–July)andﬁveduringthewinter
(November–January) to test branch dieback susceptibil-
ity.Bolecankersusceptibilitywastestedoverthreeexper-
iments,allduringthesummer(August)of2009.
Isolate and inoculum production
Isolate Pr-510 (Rizzo Lab collection) of the NA2 lineage
(see Gru ¨nwald et al.,2009 for further detailsand nomen-
clature of P. ramorum lineages), isolated from Rhodo-
dendron roots from a nursery in Sacramento county in
2006,wasusedinallexperiments(Table2).Itwasshown
tobehighlypathogenicontheleavesofU.californicaand
Rhododendron cv. Colonel Coen and fast growing on
both one-third-strength clariﬁed V8 juice agar (1⁄3 V8;
Campbell Soup Company; 66 mL clariﬁed V8 juice
and 17 g agar L
)1) and Phytophthora-selective, pimari-
cin-ampicillin-rifampicin-pentachloronitrobenzene agar
(PARP) (Jeffers & Martin, 1986) when compared with
otherisolates,includingthecommonlyusedisolate Pr-52
(Hu ¨berli et al., 2008) (data not shown). The isolate was
passaged at the start of each season through detached
Rhododendron cv. Colonel Coen leaves to maintain
pathogenicity and maintained on PARP (Erwin & Ribe-
iro, 1996). This isolate was also used in a concurrent
study of foliar susceptibility and sporulation potential
(Ireland et al., 2011). Inoculum was cultured on 1⁄3V 8
agar at 20 C in the dark and inoculum discs cut with a
sterile cork borer from the margin of a 10-day-old
culture.
Six additional isolates of P. ramorum were used in the
log experiments, one additional NA2, four NA1 and one
EU1lineage,allsourcedfromtheUniversityofCalifornia
(UC)Davis,RizzoLabCollection(Table2).Isolateswere
selected to represent a range of hosts and environments
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forniainordertopotentiallycapturedifferencesinpatho-
genicity related to the ecology and provenance of the
isolate. All cultures were maintained as described previ-
ously, except that Pr-52 (CBS 110537; ATCC MYC-
2436), Pr-155, Pr-461 and Pr-487 and Phytophthora
cinnamomi isolate P-541 (Arbutus menzesii; Santa Cruz,
CA, USA; Rizzo Lab Collection) were not passaged
through Rhododendron leaves because of time restric-
tions. Phytophthora cinnamomi, a known root-rot and
canker pathogen of oaktrees andmany Australian native
plants (Hardham, 2005), was included in the study for
comparative purposes to assess the aggressiveness of
P.ramorumisolates.
Branch dieback experiments
Sixty-six Australian native plant species within 22 fami-
lies and 40 genera were sourced from mature healthy
plants in established gardens and arboreta in northern
California: SanFrancisco Strybing Arboretum,UC Davis
Arboretum,UCBerkeleyBotanicalGardenandUCSanta
Cruz Arboretum. Species were selected from areas con-
sidered to have climates suitable for P. ramorum survival
in Australia. This was based on observations of suitable
climate for the pathogen in the USA and Europe and a
preliminary CLIMEX (Sutherst & Maywald, 1985)
model developed by E. A. Pinkard and I. W. Smith
(CSIRO Hobart and University of Melbourne, personal
communication) based on the parameters published by
Venette & Cohen (2006), as well as for the plant species’
ecological and economic importance to Australian plant
industries. Experimental replication was limited by the
number of individual plants kept in the botanical collec-
tions.Individualsofaspecies wereduplicated where pos-
siblefromdifferentlocationsoraccessions,togive atotal
of 128 individual Australian plants tested. Four to 24
hosts were tested in any one experiment based on collec-
tion from common locations and ease of management
(Table 1). Four branches of each individual plant were
inoculated in the summer studies and 10 branches in the
winter studies. The known susceptible host Rhododen-
dron cv. Colonel Coen (kept in controlled-environment
facilities and greenhouses at UC Davis) was used as a
positive control species in all experiments to conﬁrm the
pathogenicity of P. ramorum. Likewise, U. californica
(sourced from a private garden in Davis, California), was
included in one experiment (B-15; Table 1) as an addi-
tionalpositivecontrolspecies.
Brancheswerecollected2 daysbeforetheywereinocu-
lated and the cut bases kept in deionized water. Before
Table 2 Phytophthora ramorum isolates used in log inoculation tests
Isolate
a Lineage
b Mating type Host Location
Pr-52 NA1 A2 Rhododendron sp. Nursery, Santa Cruz, CA
Pr-155 NA1 A2 Notholithocarpus densiﬂorus Woodland, Santa Clara, CA
Pr-461 NA1 A2 Quercus chrysolepis Woodland, Humboldt, CA
Pr-487 NA1 A2 Umbellularia californica Woodland, Sonoma, CA
Pr-500 NA2 A2 Rhododendron sp. – shoots Nursery, Sacramento, CA
Pr-510 NA2 A2 Rhododendron sp. – roots Nursery, Sacramento, CA
Pr-514 EU1 A1 Rhododendron sp. – bait leaf Stream, Humboldt, CA
aAll isolates sourced from the University of California, Davis, Rizzo Laboratory collection.
bNA1, North American genotype 1; NA2, North American genotype 2; EU1, European genotype 1; see Gru ¨nwald et al. (2009).
Table 1 Details of experiments used to test the susceptibility of Australian
native plant species to branch dieback and bole canker diseases caused
by Phytophthora ramorum
Experiment Year Month
a
Collection
site
b Season
c
No. of
species
d
Branch dieback susceptibility (66)
B-01 2008 April UCD Summer 8
B-02 2008 May SFBG Summer 7
B-03 2008 May SFBG Summer 6
B-04 2008 May SFBG Summer 11
B-05 2008 June UCD Summer 6
B-06 2008 June UCB Summer 13
B-07 2008 June UCSC Summer 15
B-08 2008 June UCSC Summer 14
B-09 2008 July UCSC Summer 12
B-10 2008 November UCD Winter 14
B-11 2008 November SFBG Winter 24
B-12 2008 December UCB Winter 12
B-13 2009 January UCSC Winter 17
B-14 2009 January UCSC Winter 23
B-15 2009 May UCSC Summer 4
Bole canker susceptibility (6)
L-01 2009 August UCSC Summer 4
L-02 2009 August USCS Summer 2
L-03 2009 August MPROSD Summer 2
aMonth experiment was started.
bMPROSD, Midpeninsula Regional Open Space District; SFBG, San
Francisco Botanical Garden & Strybing Arboretum; UCB, University
of California (UC) Berkeley Gardens; UCD, UC Davis Arboretum;
UCSC, UC Santa Cruz Arboretum.
cApril to August = summer; November to February = winter.
dTotal number of host species in brackets for all experiments for
branch or log susceptibility. Species were replicated over seasons
and some with multiple individual plants tested per species. Positive
control Rhododendron cv. Colonel Coen was included in all branch
susceptibility experiments and Umbellularia californica was included
in experiment B-15. Notholithocarpus densiﬂorus was included as a
positive control for log susceptibility experiments in L-03.
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ter (depending on the species, e.g. smaller diameter
branches were used for Hardenbergia violaceae, which
has narrow twining vines, and Leptospermum species,
which have small branches) were stripped of excess
leaves, trimmed to 20–30 cm in height and kept in glass
ﬂasks of sterile deionized water sealed with Paraﬁlm
(Pechiney Plastic Packaging) to reduce evaporation for
the duration of the experiment. For Eucalyptus leucoxy-
lon, E. sideroxylon and Pittosporum undulatum, young
branches with green bark were tested during winter
experiments.
Plants from the UC Santa Cruz Arboretum were visu-
allyinspectedandtreatedwithinsecticidebeforeshipping
to UC Davis, in accordance with California’s quarantine
regulations for light brown apple moth (Epiphyas post-
vittana) at the time. Insecticide treatments were made up
in water with either DiPel (Bacillus thuringiensis; Abbot
Laboratories) at 1Æ6–3Æ9m LL
)1 water and Vegol
(canola oil; Lilly Miller Brands) at 3Æ9–19Æ5m LL
)1 or
Sunspray Oil (Parafﬁnic Oil; Sun Reﬁning & Marketing
Co.)at6Æ5m LL
)1forthesummerinoculations,andwith
Conserve SC (Spinosad; Dow Agrosciences LLC) at
1Æ7m LL
)1andBonideAll Seasons Spray Oil(Petroleum
Oil) at 10 mL L
)1 for the winter inoculations. These spe-
cieswererinsedwellwithdeionizedwateruponarrivalat
Davis to remove the insecticides. A preliminary test (data
not shown) showed that insecticide application did not
signiﬁcantly inﬂuence host susceptibility to P. ramorum
for A. ﬂexuosa, C. ﬁcifolia, E. sideroxylon, E. viminalis
and Rhododendron cv. Colonel Coen. It was therefore
assumedthatinsecticideapplicationdidnothaveasignif-
icant effect on plant material of all species collected and
treatedfromthissite.
Susceptibility to branch dieback was tested using a
detachedbranchassayadaptedfromamethoddevisedby
Hu ¨berli et al. (2008). Using a sterile 32-gauge hypoder-
mic needle, a wound was created through the bark,
approximately 10 cm from the acropetal end of the
branch.An inoculum disc, 3 mm in diameter, was placed
mycelium surface down on the wound and the inocula-
tion point carefully wrapped with a layer of Paraﬁlm.
One branch from each individual plant in each experi-
ment was inoculated with a sterile 1⁄3 V8 disc as a nega-
tive control. Flasks with branches were placed randomly
into large plastic boxes with transparent lids and sprayed
down with deionized water to prevent desiccation and
maintain humidity. These plastic boxes were then trans-
ferred to a controlled-environment facility (PGR15,
2002;ConvironControlledEnvironmentLtd)withcyclic
regimes of 20–25 C and a 16-h photoperiod during sum-
mer and 15–20 C and a 12-h photoperiod during winter.
Chamberswerecheckedregularlythroughouttheexperi-
mentandthesidesoftheboxesweresprayedwhenneces-
sarywithdeionizedwatertoensurehighhumidity.
Ten days after inoculation, the outer bark surrounding
the inoculation site was carefully scraped off with a scal-
pel and the entire lesion (if present) exposed. Lesion
length and presence or absence of branch girdling were
recorded. Two to four pieces (4–20 mm
2) of branch tis-
sue from the margins of the lesions or site of inoculation
were plated onto PARP to conﬁrm infection by P. ramo-
rum.Thereisolationdatawereusedtoassignproportions
of branch infection (presence or absence of infection of
the branch) and infection potential (number of plated tis-
sue pieces with P. ramorum isolation⁄total number of
platedtissuepieces)measurestoeachspecies.
A species’ reaction to infection was assigned to differ-
ent categoriesof susceptibilityaccording to theextension
ofnecrosis,modiﬁedfromclasses deﬁnedbyKaminski&
Wagner(2008).Intermsofmeanlesionsize,specieswere
considered to be: (i) tolerant to an isolate⁄species if it did
notexceedtheinoculationpoint(approximately2 mmin
diameter); (ii) of low susceptibility when it was >2 mm
but <15 mm; (iii) moderatelysusceptible between 15and
30 mm;and(iv)highlysusceptiblewhenitwas>30 mm.
Bole canker experiments
Six Australian native tree species, Acacia dealbata, Euca-
lyptusdenticulata,E.diversicolor,E.globulus,E.regnans
and E. viminalis, were tested for their susceptibility to
bole canker disease caused by P. ramorum. The species
wereselectedbaseduponavailabilityintheﬁeldandwere
collectedoverthreeexperimentsinordertobelogistically
manageable. The known susceptible host N. densiﬂorus
wasusedasapositivecontroltoconﬁrmpathogenicityof
P. ramorum. All species of Eucalyptus logs were sourced
from mature healthy plants from the UC Santa Cruz
Arboretum. Acacia dealbata and additional E. globulus
material were sourced from Mills Creek Open Space Pre-
serve, while N. densiﬂorus logs were sourced from Los
Trancos and Monte Bello Open Space Preserves in the
Midpeninsula Regional Open Space District of the San
Francisco bay area. To allow for comparability between
species in different experiments, E. viminalis was
included in both experiments conducted on logs from the
UC Santa Cruz arboretum and E. globulus was collected
frombothsites.Allinoculationswereconductedwithina
7-day period to reduce variability between the three
experiments. Three to nine individual trees of each spe-
cies were tested, with one to three replicate logs per tree.
Logs of each individual, 1–1Æ2 m long by 8–20 cm in
diameter, were collected in the morning to early after-
noon 1–2 days prior to inoculation. The bottom and top
ends of the logs were marked and immediately sealed
with a water-based wax emulsion sealant (Waxlor; Wil-
lametteValleyCo.)toretarddrying.
Atthebeginningofeachexperimentbarkthicknessper
log and percentage bark moisture content per tree were
recorded. Bark moisture content was calculated by com-
paring the wet and dry weight of ﬁve 10-mm-diameter
plugs of bark from an additional sealed log section. Plugs
were removed using a cork borer, immediately weighed,
driedat60 Cfor48 hinadryingovenandreweighed.
Log susceptibility studies followed the methods of
Brasier & Kirk (2001), with minor modiﬁcations. A
6-mm-diameter hole was punched through the bark to
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plugremoved.A6-mm-diameterplugfromthemarginof
an actively growing colony of P. ramorum or P. cinnam-
omi,oraplugof1⁄3 V8agar(negativecontrol)wasthen
inserted with aerial mycelium face down and the bark
plug replaced. One log of each species was inoculated
directlyontothesurfaceofthebarkbygentlyscrapingan
area approximately6 mmindiameterto removedirt and
by placing the inoculum plug mycelium side down to
assess whether infection could occur directly through the
bark without wounding. Moist cotton wool was placed
over the inoculation site and covered with a piece of alu-
minium foil secured by adhesive PVC tape. Nine inocula-
tion points were arranged on the log along three
transverselanesseparatedbyapproximately25 cmalong
the length of the log and each inoculation point on the
lane by approximately 10 cm (three points in each lane).
Each log was inoculated 1–2 days after collection from
the ﬁeld with seven different P. ramorum isolates
(Table 2), one P. cinnamomi isolate as a positive control
and one plug of 1⁄3 V8 agar to act as a negative control.
Inoculatedlogsweresprayeddownwithdeionizedwater,
placedinclearplasticbagstokeepthemmoistandplaced
randomly into large temperature-controlled chambers
(PGR15, 2002; Conviron Controlled Environment Ltd)
set to a continuous 20 C with a 16-h photoperiod for
36–40 days.
Logsweredestructivelysampledbyremovingtheouter
bark surrounding each inoculation point with a draw-
knife. Any lesion or stained necrotic area was then
quickly outlined with a marker pen and traced onto clear
plastic sheets. The resulting images were scanned, lesion
areas calculated using the image analysis software ASSESS
v1Æ01 (APS Press) and lesion length and width measure-
ments made from photocopies of the traced lesions. Two
to eight pieces (6–20 mm
2) of woody tissue from lesion
margins were plated onto PARP to conﬁrm infection by
P.ramorumandP.cinnamomi.
A species’ reaction to infection by P. ramorum and
P. cinnamomi was assigned to different categories of sus-
ceptibility according to the size of the lesion area, as
deﬁned by Moralejo et al. (2009). Species were consid-
ered to be: (i) tolerant to an isolate⁄species if the mean
lesion area did not differ signiﬁcantly from the negative
controls; (ii) of low susceptibility when mean lesion area
was signiﬁcantly larger than in the negative controls, but
below 10 cm
2; (iii) moderately susceptible between 10
and20 cm
2;and(iv)highlysusceptibleabove20 cm
2.
Statistical analysis
Statistical analysis was performed with SAS software
(version 9Æ1; SAS Publishing). Incidence of disease and
branch or log infection were analysed using a binomial
generalized linear model with a logit link. Lesion
lengths, width and area were analysed using a
log + 0Æ01 transformation and a general linear model.
Predictions of the means generated by the models are
presented in the branch results for all parameters
except branch girdling (Table 3), while results from
the bole canker (log) experiments are presented as the
raw means ± the standard errors with the results of the
statistical models because of the small experimental
size (Fig. 2). Paired t-tests were conducted using JMP
software (version 8Æ0; SAS Publishing) to test signiﬁ-
cance of branch age using the t-test for unbalanced
variances for individual plants of P. undulatum and
balanced variances for individual plants of E. leucoxy-
lon and E. sideroxylon. Paired t-tests and the Student’s
t-test were used to compare means between lesions
formed on logs of E. globulus collected from different
sites.
Results
Branch susceptibility
Isopogon formosus and E. denticulata were identiﬁed as
potentially highly susceptible Australian branch dieback
hosts, with mean lesion lengths of 51Æ8 and 42Æ7 mm,
respectively (Table 3). The positive control species were
also highly susceptible, with the greatest mean lesion
length of 91Æ8m mi nRhododendron cv. Colonel Coen.
Five potentially moderately susceptible branch dieback
hosts were H. violaceae, Eucalyptus cneorifolia, Nothof-
aguscunninghamii,E.viminalisandE.sideroxylon,with
mean lesion lengths ranging from 15Æ6t o1 9 Æ4m m
(Table 3). Thirteen potentially tolerant Australian host
species were identiﬁed (Table 3) and included Banksia
attenuata, B. marginata, E. haemastoma, E. regnans,
P. undulatum and Billardiera heterophylla (formerly
Sollya heterophylla). The majority of species were of low
susceptibility (46⁄66), including all of the conifers tested
(Table3).
Lesion lengths of noninoculated branches rarely
exceeded the inoculation point (approximately 2 mm)
and were smaller (P <0 Æ0001) than the lesions of inocu-
lated branches. Ranges of lesion lengths varied widely,
particularly for those species in the moderate to high sus-
ceptibility categories. More than half of the Australian
speciestested (43⁄66), andall ofthemoderate andhighly
susceptible species, had some proportion of girdling
among the branches inoculated (Table 3). Inoculated
Rhododendron cv. Colonel Coen and U. californica
brancheswere allfoundtobeinfectedandproducedcon-
sistently large lesions across all experiments, conﬁrming
thevirulenceoftheisolate(Table3).
All species in the branch susceptibility study became
infected with P. ramorum. Analyses of branch infection
and infection potential were conducted on inoculated
materialonly,asP.ramorumwasneverisolatedfromany
of the control branches. Twenty-eight Australian species
and both of the positive control species, in which all
brancheswereinfectedwheninoculatedwithP.ramorum
(Table 3), were excluded from further analyses of branch
infection. Likewise, 10 Australian species and the
positive controls Rhododendron cv. Colonel Coen and
U. californica, in which all plated branch pieces were
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descending order of mean lesion length, with levels of branch infection and infection potential as measures of reisolation
Susceptibility group and species
a Plants
b Lesion length (mm)
c Branch infection
d Infection potential
e
Positive control species
High susceptibility (>30 mm)
Rhododendron cv. Colonel Coen (all) 91Æ8 (16Æ6–508Æ5)* All All†
Umbellularia californica 1( 1 ) 4 4 Æ2 (21Æ5–91)* All All
Australian species
High susceptibility (>30 mm)
Isopogon formosus 3( 2 ) 5 1 Æ8( 8 Æ9–301Æ1)* All 0Æ93
Eucalyptus denticulata 1( 4 ) 4 2 Æ7( 6 Æ3–290Æ4)* 1Æ00 0Æ73
Moderate susceptibility (15–30 mm)
Hardenbergia violaceae 3( 4 ) 1 9 Æ4( 3 Æ1–121Æ6)* 0Æ90 0Æ85
Eucalyptus cneorifolia 1( 1 ) 1 8 Æ9 (3–119Æ8)* 0Æ90 0Æ90
Nothofagus cunninghamii 1( 2 ) 1 7 Æ6( 2 Æ8–111Æ7)* All 0Æ96
Eucalyptus viminalis 2( 4 ) 1 6 Æ4( 2 Æ6–102Æ9)* All 0Æ96
Eucalyptus sideroxylon 2( 4 ) 1 5 Æ6( 2 Æ5–96Æ9)* All 0Æ97
Low susceptibility (2–15 mm)
Acacia dealbata 1( 1 ) 1 4 Æ9( 2 Æ1–103Æ4)* All 0Æ90
Eucalyptus diversicolor 1( 3 ) 1 3 Æ9 (2–94Æ8)* All 0Æ95
Brachychiton populneus 3( 2 ) 1 3 Æ2( 2 Æ4–71Æ1)* All All
Eucalyptus pauciﬂora 3( 2 ) 1 2 Æ7( 2 Æ3–69Æ2)* All 0Æ99
Acacia melanoxylon 1( 1 ) 1 1 Æ1( 1 Æ6–77Æ1)* 0Æ76 0Æ60
Eucalyptus laeliae 1( 2 ) 1 0 Æ1( 1 Æ6–63Æ7)* 0Æ92 0Æ89
Phyllocladus aspleniifolius 1 (2) 10 (1Æ6–61Æ3)* All 0Æ81
Nothofagus moorei 2( 2 ) 9 Æ6( 1 Æ6–57Æ9)* 0Æ98 0Æ97
Eucalyptus leucoxylon 4( 2 ) 9 Æ1( 1 Æ5–56Æ2)* 0Æ95 0Æ93
Corymbia ﬁcifolia 2( 5 ) 8 Æ5( 1 Æ4–50Æ5)* 0Æ96 0Æ85
Agonis ﬂexuosa 4( 6 ) 8 Æ4( 1 Æ4–50Æ6)* 0Æ83 0Æ76
Hedycarya angustifolia 1( 2 ) 8 Æ3( 1 Æ3–51Æ2)* 0Æ83 0Æ69
Eucryphia lucida 3( 2 ) 7 Æ4( 1 Æ2–44Æ6) 0Æ89 0Æ81
Eucalyptus camaldulensis 2( 2 ) 6 Æ8 (1–44Æ9)* 0Æ89 0Æ78
Dodonea viscosa 2( 3 ) 6 Æ5( 1 Æ2–35Æ7)* All 0Æ98
Eucalyptus saligna 1( 2 ) 6 Æ3( 0 Æ9–44) All 0Æ88
Polyscias sambucifolia 2( 1 ) 6 Æ2( 0 Æ8–50Æ2)* All All
Atherosperma moschatum 1( 2 ) 5 Æ8( 0 Æ9–37) All All
Podocarpus lawrencei 2( 2 ) 5 Æ6( 0 Æ9–34)* All All
Pomaderris apetala 1( 1 ) 5 Æ4( 0 Æ8–34Æ9) All 0Æ96
Senecio linearifolius 1( 2 ) 5 Æ4 (1–29Æ5) All 0Æ92
Olearia argophylla 2( 4 ) 5 Æ1( 0 Æ9–29Æ3)* 0Æ74 0Æ64
Eucalyptus globulus 1( 2 ) 5( 0 Æ8–32Æ1) 0Æ93 0Æ89
Grevillea synapheae 2( 1 ) 5( 0 Æ8–29Æ7)* 0Æ92 0Æ80
Isopogon cuneatus 1( 3 ) 5( 0 Æ8–32)* 0Æ92 0Æ76
Prostanthera lasianthos 2( 4 ) 5( 0 Æ9–27Æ7) 0Æ97 0Æ90
Melaleuca squamea 2( 1 ) 4 Æ9( 0 Æ8–29Æ7)* All 0Æ96
Bauera rubiodes 2( 1 ) 4 Æ5( 0 Æ7–26Æ8)* All All
Hakea rostrata 1( 1 ) 4 Æ2( 0 Æ8–22Æ7)* 0Æ77 0Æ66
Taxandria marginata 1( 1 ) 4 Æ1( 0 Æ6–26) All All
Correa alba 3( 2 ) 3 Æ9( 0 Æ6–24Æ6) 0Æ75 0Æ72
Correa backhouseana 1( 2 ) 3 Æ8( 0 Æ6–24Æ9) All 0Æ94
Correa decumbens 2( 4 ) 3 Æ7( 0 Æ6–22Æ4)* 0Æ93 0Æ85
Tristaniopsis laurina 2( 4 ) 3 Æ6( 0 Æ6–21Æ7) 0Æ86 0Æ77
Correa reﬂexa 3( 5 ) 3 Æ2( 0 Æ5–19Æ2)* All All
Corymbia maculata 1( 2 ) 3 Æ1( 0 Æ4–21Æ7) 0Æ93 0Æ92
Leptospermum grandiﬂorum 2( 1 ) 3 Æ1( 0 Æ5–18Æ7)* All 0Æ98
Eucalyptus delegatensis 1( 2 ) 3( 0 Æ5–19)* All All
Lagarostrobos franklinii 2( 3 ) 3( 0 Æ5–17Æ8)* 0Æ75 0Æ58
Acmena smithii 2( 4 ) 2 Æ9( 0 Æ5–17Æ4) 0Æ92 0Æ77
Correa cv. Ivory Bells 2 (2) 2Æ9( 0 Æ4–19Æ8)* 0Æ92 0Æ92
Dicksonia antarctica 3( 2 ) 2 Æ9( 0 Æ5–16Æ3)* 0Æ81 0Æ68
Callitris rhomboidea 2( 2 ) 2 Æ8( 0 Æ5–16Æ9) 0Æ35 0Æ23
Ceratopetalum apetalum 1( 2 ) 2 Æ7( 0 Æ4–17Æ3) 0Æ94 0Æ71
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further analyses of infection potential. Most species
(61⁄66) had more than 70% of their branches infected,
with infection potential recoveries above 60%. Callitris
rhomboidea,Lomatiamyricoides,P.undulatum,B.hete-
rophylla and Tasmannia lanceolata had <65% of inocu-
latedbranchesinfected.
Lesions formed on young green branches of E. leucox-
ylon (P =0 Æ04) and E. sideroxylon (P <0 Æ05) were
larger than those formed on mature (more woody)
branches (Fig. 1a). Lesions on younger branches of
P. undulatum did not differ from those on mature
branches (Fig. 1a). The proportion of branches infected
did not differ between branches of different ages for
E. leucoxylon and E. sideroxylon (Fig. 1b). No infection
was recorded on young branches of P. undulatum, while
80% of mature branches were infected (P =0 Æ0002)
(Fig. 1b).
Season was not found to signiﬁcantly affect branch
infection,infectionpotentialorlengthoflesions.
Bole canker susceptibility
Eucalyptus regnans was ranked as a potentially highly
susceptible Australian species to bole canker develop-
ment when inoculated with P. ramorum, with an overall
mean lesion area of 55Æ4c m
2 (Table 4), and means rang-
ing from 32Æ8t o7 7 Æ1c m
2 among the isolates tested
(P <0 Æ05) (Fig. 2). Eucalyptus denticulata was identiﬁed
as a potentially low-susceptibility bole canker host over-
all,withameanlesionareaof9Æ6c m
2(Table4)andmean
lesionareasrangingfrom5Æ2to14Æ8c m
2amongtheP.ra-
morumisolatestested(Fig.2).Lesionscausedbydifferent
P.ramorumisolatesonE.denticulatafellintotwogroups
of low and moderate susceptibility (P <0 Æ05). Four iso-
lates, Pr-487, Pr-500, Pr-510 and Pr-514, formed larger
lesions on E. denticulata, similar in area to lesions
associated with inoculations of the P. cinnamomi isolate
included in the study (Fig. 2). Acacia dealbata (over-
all mean 5Æ5c m
2,4 Æ9–6Æ1c m
2 among isolates) and
E. globulus (overall mean 6Æ8c m
2,3 Æ8–8Æ8c m
2 among
isolates) were identiﬁed as being of potentially low sus-
ceptibility (Table 4; Fig. 2). Eucalyptus diversicolor and
E. viminalis were identiﬁed as potentially tolerant spe-
cies,asthelesionswhichdevelopedwheninoculatedwith
P. ramorum were not signiﬁcantly different to those with
the negative control inoculation (Fig. 2). Notholithocar-
pus densiﬂorus was ranked as highly susceptible, with an
overallmean lesion areaof 59 cm
2andmeanlesion areas
rangingfrom25Æ95to84Æ9c m
2,conﬁrmingthevirulence
oftheisolates(Table4;Fig.2).
With the exception of E. diversicolor, lesion areas
which developed following inoculation with the positive
control P. cinnamomi isolate were consistently larger
(P <0 Æ0001) than those that developed following the
negative control inoculations, conﬁrming its virulence
(Fig. 2). Lesion areas of these P. cinnamomi inoculations
were approximately two to ﬁve times larger (P <0 Æ0001)
than any lesions which developed following inoculation
by any of the seven P. ramorum isolates for E. globulus,
E. regnans, E. viminalis and N. densiﬂorus. Lesion area
did not differ signiﬁcantly between P. ramorum isolates
Table 3 (Continued)
Susceptibility group and species
a Plants
b Lesion length (mm)
c Branch infection
d Infection potential
e
Leptospermum lanigerum 4 (3) 2Æ6( 0 Æ5–14Æ4)* 0Æ95 0Æ87
Tasmannia lanceolata 3 (4) 2Æ3( 0 Æ4–12Æ5) 0Æ63 0Æ49
Tolerant (0–2 mm)
Bursaria spinosa 1 (2) 1Æ9( 0 Æ3–10Æ3)* 0Æ85 0Æ81
Lomatia myricoides 2 (3) 1Æ6( 0 Æ3–9Æ5)* 0Æ54 0Æ52
Adenanthos obovatus 2 (1) 1Æ5( 0 Æ2–8Æ8) 0Æ84 0Æ64
Banksia attenuata 1 (2) 1Æ3( 0 Æ2–8Æ4) All All
Banksia marginata 5 (6) 1Æ2( 0 Æ2–6Æ5)* 0Æ99 0Æ96
Eucalyptus haemastoma 2 (2) 1Æ1( 0 Æ2–6Æ5)* All 0Æ98
Eucalyptus regnans 1 (1) 1Æ1( 0 Æ7–1Æ9)* All All
Leptospermum scoparium 3 (3) 0Æ8( 0 Æ1–4Æ9)* 0Æ91 0Æ85
Pittosporum undulatum 2 (4) 0Æ6( 0 Æ1–3Æ4) 0Æ46 0Æ33
Billardiera heterophylla 3 (4) 0Æ5( 0 Æ1–3Æ5) 0Æ44 0Æ40
Macadamia tetraphylla 1 (1) 0Æ4( 0 Æ1–2Æ5) 0Æ86 0Æ79
Correa cv. Sister Dawn 1 (1) 0Æ3 (0–2Æ5) All 0Æ94
Stylidium graminifolium 1 (1) 0 (0–0Æ3) All 0Æ87
aMean predicted lesion length >30 mm = high susceptibility, 15–30 mm = moderate susceptibility, 2–15 mm = low susceptibility,
0–2 mm = tolerant. Positive control species are known natural hosts of P. ramorum.
bThe number of individual plants (and experiments) for each species. Four to 10 branches of each individual plant of each species were
tested for each experiment.
cMean (range) predicted lesion length (mm). Range calculated as the addition of the standard error, above and below the predicted mean
lesion length. Girdling occurred on some branches (*).
dPredicted proportion of branches positively infected with P. ramorum, as conﬁrmed by reisolation.
ePredicted proportion of branch sections that gave positive reisolation of P. ramorum. Non-estimatable prediction with an original mean
approaching all branches infected (†).
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E.denticulata(Fig.2).
Mean lesion lengths and widths after inoculation with
P. ramorum isolates followed similar trends to that of
lesionareaforallspecies(Table4).AmongtheAustralian
trees,thegreatestmeanlesionlength(15Æ8 cm)andwidth
(4Æ6 cm)occurredinE.regnans(Table4).
All species were able to be infected with P. ramorum
(Table 4). Infection potential (IP) and log infection (LI)
were consistently lowest for the potentially tolerant spe-
cies E. diversicolor, with 20–60% of logs infected and
IP <36% for all isolates tested (Table 4). Phytophthora
ramorum was more readily reisolated (infection poten-
tial, IP) and more readily infected (log infection, LI)
from all of the other Australian species. Between 40%
and 100% of logs were infected and pathogen recovery
between 26% and 80% for A. dealbata, E. denticulata,
E. globulus, E. regnans and E. viminalis (Table 4).
Notholithocarpus densiﬂorus, on the other hand, had
consistently high levels of IP (71–100%) and LI (>85%)
(Table 4).
There were no signiﬁcant differences for any of the
parameters between sites for E. globulus and isolates and
isolates*species interactions for all of the species tested
(data not shown). No correlations between bark
thickness or bark moisture content and lesion area,
length, width or IP were found. The thinnest bark was
in A. dealbata (1Æ6–3Æ5 mm), followed by N. densiﬂorus
(3Æ1–14Æ5 mm), E. regnans (3Æ6–4Æ6 mm), E. globulus
(3Æ8–9Æ3 mm), E. diversicolor (4–11 mm), E. viminalis
(4Æ9–12Æ0 mm) and E. denticulata (5Æ3–11Æ3 mm). The
positive control species N. densiﬂorus had the greatest
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Figure 1 Effect of branch age on
susceptibility of Eucalyptus leucoxylon,
E. sideroxylon and Pittosporum undulatum to
Phytophthora ramorum as a measure of
means ± standard error for lesion length (a)
and percentage of branches infected (b).
Less woody juvenile branches (black) are
compared with mature woody branches
(white). Asterixes denote signiﬁcant statistical
differences between branch ages [P £ 0Æ001
(***), P £ 0Æ01 (**), P £ 0Æ05 (*)].
Table 4 Potential susceptibility and infection potential of six Australian tree species to bole canker diseases caused by Phytophthora ramorum 36–40 days
after wound inoculation with seven different isolates in summer (August 2009), presented in descending order of mean lesion area
Susceptibility group and species
a
Trees
(logs)
b
Mean lesion
length (cm)
c
Mean lesion
width (cm)
c
Mean lesion
area (cm
2)
c
Proportion of
logs infected
c,d
Infection
potential
c,e
Positive control species
High susceptibility
Notholithocarpus densiﬂorus 6 (7) 14Æ7 (1–37Æ4) 5Æ5 (1–10Æ5) 59Æ0( 4 Æ8–249Æ7) 0Æ96 (0Æ86–1) 0Æ84 (0Æ71–1)
Australian species
High susceptibility
Eucalyptus regnans 3 (10) 15Æ8( 1 Æ8–30Æ4) 4Æ6( 1 Æ2–14) 55Æ4( 1 Æ2–199Æ3) 0Æ84 (0Æ40–1) 0Æ63 (0Æ28–0Æ80)
Low susceptibility
Eucalyptus denticulata 4 (13) 5Æ8( 1 Æ1–14Æ8) 2Æ3( 0 Æ8–5Æ5) 9Æ6( 0 Æ8–41Æ7) 0Æ80 (0Æ67–0Æ92) 0Æ49 (0Æ26–0Æ65)
Eucalyptus globulus* 9 (14) 4Æ8( 0 Æ8–15Æ7) 1Æ7( 0 Æ8–4Æ6) 6Æ8( 0 Æ4–38Æ9) 0Æ87 (0Æ71–1) 0Æ55 (0Æ26–0Æ65)
Acacia dealbata 9 (10) 5Æ8( 2 Æ9–16Æ6) 1Æ3 (1–2) 5Æ5( 2 Æ2–15Æ9) 0Æ89 (0Æ70–1) 0Æ59 (0Æ45–0Æ80)
Tolerant
Eucalyptus viminalis 9 (12) 4Æ5( 1 Æ3–13Æ8) 1Æ7 (1–5Æ9) 4Æ8( 1 Æ1–21Æ7) 0Æ82 (0Æ58–0Æ92) 0Æ54 (0Æ39–0Æ69)
Eucalyptus diversicolor 3 (10) 3Æ2( 1 Æ1–8Æ5) 1Æ7 (1–5Æ7) 3Æ7( 1 Æ0–12Æ3) 0Æ46 (0Æ20–0Æ60) 0Æ27 (0Æ10–0Æ35)
aTolerant species = no signiﬁcant difference in mean lesion area from negative control inoculations. Where lesion area is signiﬁcantly different
(P £ 0Æ05) to negative control inoculations and mean lesion area ‡20 cm
2 = high susceptibility; ‡10 cm
2 to <20 cm
2 = moderate susceptibility;
and <10 cm
2 = low susceptibility. Positive control species is a known natural host of P. ramorum. Composite data of logs collected from two
different locations (*).
bNumber of individual trees (log replications) for each species. Each log was inoculated with seven P. ramorum isolates, one P. cinnamomi
isolate and a negative control agar plug. Trees were inoculated over three experiments.
cMean (range).
dProportion of logs infected with P. ramorum.
eProportion of reisolation of P. ramorum as a measure of the number of isolated tissue pieces with P. ramorum ⁄ the total number of tissue
pieces plated for reisolation.
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Plant Pathology (2011)bark moisture content (7–28Æ7%), followed by E. globu-
lus(10Æ3–26Æ1%),E.viminalis(12Æ8–23Æ8%),E.denticu-
lata (16Æ3–18%), E. diversicolor (14Æ6–17Æ2%),
E.regnans(9Æ1–11Æ6%)andA.dealbata(4Æ6–11Æ3%).
All species were capable of being infected by both
P. ramorum and P. cinnamomi during the nonwounded
log inoculations, although much smaller lesions were
produced on average than with wounding (data not
shown). Lesions produced on each log of each species by
the isolates of P. ramorum were smallest for E. viminalis
(0Æ54 ± 0Æ22 cm
2), followed by A. dealbata (0Æ55 ± 0Æ06
cm
2), E. globulus (0Æ63 ± 0Æ16 cm
2), E. denticulata
(1Æ63 ± 0Æ43 cm
2), N. densiﬂorus (9Æ38 ± 3Æ82 cm
2),
E. diversicolor (11Æ24 ± 2Æ97 cm
2) and E. regnans
(34Æ51 ± 4Æ81 cm
2). The lesions produced on E. diversi-
colorbyP.ramorumisolateswhennonwoundedmaynot
be associated with P. ramorum infection given that only
one of the seven isolates (Pr-155) was reisolated from the
log at a 25% recovery rate (IP). Every isolate of P. ramo-
rum was reisolated from E. regnans and A. dealbata, two
out of seven from E. viminalis and ﬁve out of seven for
N. densiﬂorus. Independent isolate data were not recov-
eredforE.denticulataandE.globulus.
Discussion
This study shows that branch dieback and bole canker
lesion development caused by infection by P. ramorum
may occur on Australian plant species. Potentially
highly susceptible ramorum shoot dieback hosts were
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Figure 2 Mean (±SE) lesion area formed on
logs 36–40 days after inoculation with
isolates of Phytophthora ramorum (Pr) and
P. cinnamomi (Pc) on six native Australian
plants (a–f) and the positive control species
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Plant Pathology (2011)identiﬁed as I.formosus and E. denticulata, while E. cne-
orifolia, E. sideroxylon, E. viminalis, H. violaceae and
N. cunninghamii were identiﬁed as being of potentially
moderatesusceptibility.Eucalyptusregnanswastheonly
Australian species tested in this study which was identi-
ﬁed as a potentially highly susceptible bole canker host,
with lesions similar to those produced on the highly sus-
ceptibletanoak.
As with foliar studies of these same species (Ireland
et al., 2011), in the current study the majority of species
wereoflowsusceptibilityandpotentiallytolerantspecies
were identiﬁed.Isopogonformosus has beenidentiﬁed as
both a highly susceptible foliar (Ireland et al., 2011) and
branch dieback host. On the other hand, E. regnans,
while identiﬁed as highly susceptible in foliar (Ireland
et al., 2011) and log experiments with P. ramorum, was
not highly susceptible to branch dieback infections. This
demonstrates the range of susceptibility of hosts to the
differentdiseasescausedbyP.ramorumintheﬁeld.Some
species such as tanoak are known to support all three
types of diseases, while California bay laurel is almost
exclusively a foliar host and coast live oak almost exclu-
sivelyabolecankerhost(Davidsonetal.,2003).
ThepresentstudyconﬁrmsthesusceptibilityofA.mel-
anoxylon and L. scoparium to ramorum branch dieback
(Hu ¨berli et al., 2008). Lesions recorded by Hu ¨berli et al.
(2008) were larger for both of these species and E. globu-
lus. While greater success of pathogen reisolation was
recorded in the present study for L. scoparium and
E. globulus, the reisolation of P. ramorum from tissue of
A. melanoxylon showing symptoms was less successful.
Girdling, not observed by Hu ¨berli et al. (2008), was
observed for branches of A. melanoxylon and L. scopari-
um in the present study. Girdling is considered to be epi-
demiologically important as this symptom can lead to
entire branch tip mortality as vascular tissues are com-
pletelyoccludedandnowaterornutrientﬂowcanoccur.
While susceptibility classes were predicted based on
the lesion length response of a species following inocula-
tion,ashasbeenemployedbyotherauthors(Kaminski&
Wagner, 2008), presence of girdling was also found to be
indicative of potential susceptibility classes. All of those
speciesclassiﬁedasmoderatetohighlysusceptiblebranch
dieback hosts in the present study had high levels of
branch girdling. Levels of girdling increased from the
moderately (>30%) to the highly (>55%) susceptible
Australian species, with the positive control species
recordingthehighestlevelsofgirdling(>94%).Onlyfour
of the low-susceptibility hosts had girdling of more than
39% of branches (Eucalyptus pauciﬂora, A. ﬂexuosa,
Bauera rubiodes and Hakea rostrata), while the majority
only had girdling levels between 3% and 27% (25⁄46).
Approximately half of the species classiﬁed as tolerant
had no girdling and the majority of those which did had
low levels (4–11%). However, the tolerant species
E. regnans had a 40% presence of girdling of inoculated
branchesand100%reisolationofP.ramorum.Giventhe
epidemiological importance of girdling, it is recom-
mended that species with >50% presence of branch
girdling be elevated to high susceptibility classes, while
thosewith30–50%branchgirdlingbeelevatedtomoder-
ate susceptibility classes. Under this classiﬁcation system
E. pauciﬂora, A. ﬂexuosa, B. rubiodes, H. rostrata and
E. regnans were considered to be moderately susceptible
ramorumbranchdiebackhosts.
The present study revealed that the living inner bark
(phloem) of E. regnans is highly susceptible to P. ramo-
rum. These lesion sizes were comparable to those
recorded for the highly susceptible N. densiﬂorus, both
here and in a separate study by Hansen et al. (2005), and
comparable tomean lesion sizesreportedby Brasier et al.
(2006) on the highly susceptible Fagus sylvatica. Lesion
widths were also comparable between N. densiﬂorus and
E. regnans in the present study. Epidemiologically, wider
lesions suggestahigherrisk ofbranch girdling andsubse-
quent tree mortality occurring (Moralejo et al., 2009).
Because lesion sizes on E. regnans were comparable to
those of N. densiﬂorus and F. sylvatica, two of the most
susceptiblenaturalhostsofP.ramorum,itisthoughtthat
lethal bole cankers may develop on E. regnans if trunks
were to become infected. Should P. ramorum establish in
Australia,suchinfectionmayoccurviaputativesporulat-
ing hosts such as E. viminalis and N. cunninghamii (Ire-
land et al., 2010), which co-occur with E. regnans in
natural forests of south-eastern Victoria (Boland et al.,
2006) and are native to areas which have been identiﬁed
as having climatic conditions conducive to P. ramorum
growthandsurvival(Irelandetal.,2011).
Only one other Australian species, E. dalrympleana,
has been conﬁrmed as a potential bole canker host for
P. ramorum (Moralejo et al., 2009). Mean lesion area
and range of lesion areas recorded by Moralejo et al.
(2009)forE.dalrympleanaarecomparabletolesionsizes
found in the present study for E. regnans. All of the other
Eucalyptus species tested here, including the global plan-
tation species E. globulus, were predicted to be of low
susceptibility or potentially tolerant to bole canker infec-
tions of P. ramorum. It is important to note that differ-
ences in E. globulus susceptibility, particularly in regards
to infection potential, have been found between branch
and foliar susceptibility studies on detached material
(Hu ¨berli et al., 2008; Ireland et al., 2010). Larger than
expected lesions following inoculation with P. cinnam-
omionE.regnanswerealsorecordedinthepresentstudy.
This conﬁrms the known susceptibility of this species to
P. cinnamomi in Australia when grown offsite (Harris
et al., 1983) and adds to the conﬁdence of the method to
provide accurate susceptibility data. Variation in suscep-
tibilityofprovenancesofE.regnanstoP.cinnamomiwas
observed in Victoria (Harris et al., 1983), with higher
rates and severity of disease occurring when planted out-
side of their natural range on potentially less suppressive
soilsandinconduciveclimates(Weste&Marks,1987).
Green, juvenile branches of E. leucoxylon and E. side-
roxylonwerealsoshowntobeconsiderablymoresuscep-
tible than older ones to P. ramorum infection in this
study. On the other hand, lesion size did not differ
between branches of different ages for P. undulatum and
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ing a potential hypersensitive response and potential tol-
erance or resistance to P. ramorum when host tissue is
younger. This indicates that the phenological condition
of the host at the time of transmission of the pathogen
may affect its overall susceptibility, and that this is likely
to be variable amongst different species (Dodd et al.,
2008). Therefore, while caution should be taken when
extrapolating to whole-species susceptibility, the poten-
tial for putative tolerant or low-susceptibility hosts to be
infected under different site and climatic conditions
shouldnotbeunderestimated.
Susceptibility studies, particularly those conducted on
detached plant material, are naturally fraught with difﬁ-
culties, especially when it comes to interpretation of
results. Loginoculationmethodsarewellestablishedand
are considered to provide a realistic estimate of potential
susceptibilitytoP.ramorum (Hansenet al.,2005).How-
ever, the method is cumbersome and subject to seasonal
variability, with greater susceptibility recorded during
the summer in previous studies (Brasier & Kirk, 2001;
Hansen et al., 2005; Moralejo et al., 2009). Despite the
small dataset used in the present study, obtained over the
summer, the lesion sizes and the lack of variability
amongst isolates were similar to the results of previous
log inoculation experiments with P. ramorum (Hansen
etal.,2005;Moralejoetal.,2009)andotherPhytophtho-
raspecies(Brasier&Kirk,2001).
Innaturalsituations,zoosporesorsporangia(notmyc-
elia)arebelievedtoberesponsibleforinfectionsandmust
gain entrance through the outer bark (Moralejo et al.,
2009). While successful infections were observed using
nonwounded mycelial inoculations of logs of the same
log species tested here, the results should be interpreted
carefullyuntiltheyareconﬁrmedbywhole-plantinocula-
tion with zoospores, which is considered to provide the
best prediction of natural susceptibility to the range of
diseases caused by P. ramorum (Hansen et al., 2005).
Nevertheless, the present results indicate that those spe-
ciesthatdidnotdevelopextensivenecrosisareunlikelyto
be hosts, given the invasive nature of the inoculation
method and the ability of the host to prevent its spread
undertheseconditions.
No interactions between disease severity or infection
potentialandisolateswerefoundtooccuramongtheiso-
lates used in this study, although some species*isolate
interactions were observed. Studies by Brasier (2003)
indicated that isolates of the A1 mating type (EU1) are
likelytobemoreaggressiveinloginoculationsthanthose
of the A2 mating type (NA1), and Hu ¨berli & Garbelotto
(2011)foundisolatesoriginatingfromSantaCruzcounty
in California were more pathogenic on coast live oak
seedlings than those which originated in two other coun-
ties tested. On the other hand, Moralejo et al. (2009)
found nodifferences inaggressiveness among the isolates
they tested ina similar study, including between different
matingtypes,andnosigniﬁcantdifferencesinaggressive-
ness amongst isolates and mating types have been found
in foliar studies (Denman et al., 2005; De Dobbelaere
et al., 2010). Similar to the present study, Kaminski &
Wagner(2008)andDenmanetal.(2006)foundprelimin-
ary evidence of host species*isolate interactions for par-
ticular host species, indicating signiﬁcant differences
among isolates may occur only on an individual host spe-
cies basis. Unique differencesin growth(Gru ¨nwald et al.,
2009) and sporulation potential (McDonald & Gru ¨n-
wald, 2007) have been observed among different geno-
types of P. ramorum. Therefore, further work into their
comparative aggressiveness, using more isolates under
commonconditionsandwitharangeofhosts,willbecru-
cialtodevelopingadequatequarantineregulations.
Multiple parameters of disease must be considered
when attempting to determine the overall susceptibility
of a given species to P. ramorum. Infection potential
seems to be particularly appropriate for assessing poten-
tial susceptibility of logs, as it allows one to potentially
assess how readily P. ramorum can be reisolated from
infected material and in doing so may indicate hosts with
more hostile tissues to P. ramorum when not readily reis-
olated. In support of this, species believed to be of lower
susceptibilitywereconsistentlyfoundtohavelowerlevels
of infection potential, while overall log infection did not
vary as greatly. Likewise, Moralejo et al. (2009) noticed
that colonies that formed on selective agar from tissue
derived from small lesion areas were inhibited, while
those from larger lesions were usually more diffuse and
grew faster. This was also observed for less susceptible
species in foliar susceptibility studies of Australian spe-
cies(Irelandetal.,2011).
The present study has clearly shown that Australian
plant species from a range of families and genera are
potentially susceptible to ramorum branch dieback and
sudden oak death diseases caused by P. ramorum. Trans-
mission of P. ramorum from identiﬁed foliar sporulating
hosts (Ireland et al., 2011) onto these potential branch
and bole canker hosts could, in a disease-conducive envi-
ronment, result in altered ecosystem structure and
dynamics, biodiversity loss and serious economic losses
inglobalforest andhorticultureindustrieswhich use sus-
ceptibleAustralianspecies.
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